Published by Institute of Physics Publishing for SISSA

Received: August 1, 2007
Accepted: November 5, 2007
Published: November 20, 2007

JH

Seesaw mechanism in the sneutrino sector and its
consequences

Athanasios Dedes,2 Howard E. Haber? and Janusz Rosiek®

2]nstitute for Particle Physics Phenomenology,
University of Durham, DH1 3LE, U.K.
bSanta Cruz Institute for Particle Physics,
University of California, Santa Cruz CA 95064 U.S.A.
CInstitute of Theoretical Physics, University of Warsaw,
Hoza 69, 00-681 Warsaw, Poland
dDivision of Theoretical Physics, University of loannina,
loannina, GR 45110, Greece
E-mail: pdedes@cc.uoi.gr], Haber@scipp.ucsc.edy, janusz. rosiek@fuw.edu.pl|

Abstract: The seesaw-extended MSSM provides a framework in which the observed light
neutrino masses and mixing angles can be generated in the context of a natural theory
for the TeV-scale. Sneutrino-mixing phenomena provide valuable tools for connecting the
physics of neutrinos and supersymmetry. We examine the theoretical structure of the
seesaw-extended MSSM, retaining the full complexity of three generations of neutrinos
and sneutrinos. In this general framework, new avor-changing and CP-violating sneutrino
processes are allowed, and are parameterized in terms of two 3£3 matrices that respectively
preserve and violate lepton number. The elements of these matrices can be bounded by
analyzing the rate for rare avor-changing decays of charged leptons and the one-loop
contribution to neutrino masses. In the former case, new contributions arise in the seesaw
extended model which are not present in the ordinary MSSM. In the latter case, sneutrino-
antisneutrino mixing generates the leading correction at one-loop to neutrino masses, and
could provide the origin of the observed texture of the light neutrino mass matrix. Finally,
we derive general formulae for sneutrino-antisneutrino oscillations and sneutrino avor-
oscillations. Unfortunately, neither oscillation phenomena is likely to be observable at
future colliders.
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1. Introduction

The Standard Model of particle physics provides a remarkable description of the funda-
mental interactions of elementary particles at energy scales of order 100 GeV and below.
Precision tests at LEP, the Tevatron and other lower energy colliders have detected no
signiflcant deviations from the predictions of observed electroweak phenomena [fl. Al-
though the scalar sector responsible for electroweak symmetry breaking has not yet been
discovered, the precision electroweak data is consistent with the Standard Model including
a scalar Higgs boson of mass 114 GeV < my, < 182 GeV at 95% CL. Despite its successes,
the Standard Model is widely acknowledged to be only a low-energy efiective theory, to
be superseded (most likely at the TeV energy scale) by a more fundamental theory that
can explain the puzzling large hierarchy between the energy scale that governs electroweak
symmetry-breaking and the Planck scale [g].

Numerous proposals for a more fundamental theory that supersedes the Standard
Model have been advanced over the last thirty years [3]. Low-energy supersymmetric
theories (in which supersymmetry breaking efiects of order the TeV scale are ultimately re-
sponsible for electroweak symmetry breaking) are perhaps the most well-studied framework
for TeV-scale physics beyond the Standard Model [4{B]. The simplest supersymmetric ex-
tension consists of the particle content of the two-Higgs-doublet extension of the Standard
Model and its supersymmetric partners. In addition to the supersymmetric interactions of
the particle supermultiplets, one adds the most general set of soft-supersymmetry-breaking
terms, which parameterizes the unknown dynamics responsible for supersymmetry break-
ing [[7, Bl. The resulting minimal supersymmetric Standard Model (MSSM) yields a rich
phenomenology of new superpartners and interactions, which if present in nature is poised
for discovery at the Tevatron and/or Large Hadron Collider (LHC).

Although no signiflcant deviations from Standard Model predictions have been ob-
served at colliders, there is of course one deflnitive set of observations that are in con ict
with (the minimal version of) the Standard Model ] the observation of neutrino mixing
and its implications for neutrino masses [B]. Since neutrinos are strictly massless in the
Standard Model, the latter must be modifled in order to incorporate the observed phe-
nomena of neutrino oscillations. The simplest approach is to introduce a gauge invariant
dimension-flve operator [Lq]*

_fi _
Ls = i ——=(fLiHp)(feLiCH:) + Hie:; (1)
where H; is the complex Higgs doublet and L! - (”!; “!) is the SU(2)-doublet of two-

component lepton flelds,? where | and K label the three generations.

After electroweak symmetry breaking, the neutral component of the doublet Higgs
fleld acquires a vacuum expectation value, and a Majorana mass matrix for the neutri-
nos is generated. The dimension-flve term [eq. (LL.Z)] is generated by new physics beyond
the Standard Model at the scale—" Current bounds on light neutrino masses suggest

1Following refs. [ﬂ] and [ﬂ] we employ a convention where tio = j1 = jTfa.
2To translate the two-component spinor product L! LK into four-component spinor notation, see B
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that vZ=—5 1 eV [, [[7], or—3 102 GeV. A possible realization of eq. (L.1) is based
on the seesaw mechanism, which was independently discovered by a number of difierent
authors [L3, fl4). In the seesaw extension of the Standard Model [I4], one simply adds
SU(2)£U(1) gauge singlet neutrino flelds ¢! and writes down the most general renormal-
izable couplings of ”¢! to the Standard Model flelds:

1

Lseesaw — iTin”IJ HiI—J!"EJ i EMIJ”EI"EJ + Hoc: (12)

If KMk v, then at energy scales below M a dimension-flve operator of the form given by
eq. (L.I) is generated.

The MSSM is a minimal extension of the Standard Model. Nevertheless, there is
a potential source for lepton-number violation and hence neutrino masses. Unlike the
Standard Model, it is possible to construct renormalizable operators that violate lepton
number and baryon number [[5]. In their most generic forms, such operators would lead
to extremely fast proton decay in con ict with the observations. The traditional solution
is to introduce a discrete symmetry called R parity [[L§] that distinguishes Standard Model
particles and their superpartners. In the R-parity-conserving (RPC) MSSM, neutrinos are
massless just as in the Standard Model. Thus, one way to incorporate massive neutrinos
in the RPC-MSSM is to formulate a minimal supersymmetric extension of the seesaw-
extended Standard Model [[[4 {P1]. An alternative approach is to choose a difierent discrete
symmetry that preserves baryon number but violates lepton number [P3]. In such an R-
parity-violating (RPV) MSSM, a 3 baryon triality guarantees that baryon number is
conserved by the renormalizable operators of the model (hence preventing fast proton
decay). This approach has the advantage that no new flelds beyond those of the MSSM
need to be introduced. However, certain RPV (lepton-number-violating) couplings must
be taken to be quite small in order to explain the scale of neutrino masses [23{ 3]

In this paper, we shall consider the minimal supersymmetric extension of the seesaw-
extended Standard Model [[[4{PT]. In this model, neutrino masses and mixing are governed
by the same seesaw mechanism originally introduced into the (non-supersymmetric) Stan-
dard Model. In the supersymmetry-extended model, new lepton-violating phenomena enter
due to additional efiective lepton-violating operators generated by soft-supersymmetry-
breaking. Such efiects govern the behavior of the neutrino superpartners ] the sneutrinos.
Thus, the supersymmetric seesaw model provides new sources for lepton-number-violating
phenomena. For example, sneutrinos and antisneutrinos can mix due to efiective ¢L = 2
operators [[L8, P§]. Although such mixing efiects are expected to be quite small, there are
some scenarios in which sneutrino mixing phenomena could be observed in future collider
experiments [[L§, E7]. Sneutrino mixing also contributes a signiflcant one-loop correction
to neutrino masses and could be partially responsible for the observed pattern of neutrino
masses and mixing [[L§, B3, P§]. The supersymmetric seesaw can also introduce lepton-

avor-violation and CP-violating efiects due to the non-trivial avor structure of the see-
saw interactions [Ld, R4, R9]. Such phenomena are exhibited in the avor oscillations of the
charged sleptons [Bd] and the sneutrinos, respectively. Moreover, new one-loop processes
contribute to ‘! ¥ “J and electric dipole moments, and provide interesting constraints
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Fermionic
Superfleld hypercharge Boson Fields Partners
b! il e - ¢ )
R! +2 Rl - (&Y el
N 0 SN el
i1 il H} - (H}; HD) GEHLE)
2 +1 Hf - (Hf: H) (8%; @3)

Table 1: Fields of the supersymmetric seesaw model.

on the model parameters.

In section B}, we introduce the Lagrangian for the three-generation supersymmetric
seesaw model, focusing on the interaction of the lepton and Higgs superflelds. Our nota-
tion for fermion flelds are described in []. In section B, we derive the mass matrices for
neutrinos and squared-mass matrices for the sneutrinos. In the limit of M Vv, one can
use perturbation theory to obtain accurate analytical expressions for the diagonalization of
the efiective mass and squared-mass matrices for the light and heavy neutral fermion and
scalar states, respectively. The origin of a non-decoupling contribution to sneutrino masses
noted in section f is provided in[B. In section [, we examine the constraints on the lepton-
number conserving parameters of the model due to the observed g j 2 of the muon, the
(unobserved) electric dipole moment of the electron, and the unobserved radiative decays
of charged leptons. In section B, constraints on the lepton-number violating parameters of
the model are obtained based on observed neutrino mass and mixing data. The general
theory and phenomenology of sneutrino oscillations and mixing are addressed in section [§.
Our conclusions are given in section []. Although the neutrino are most easily treated as
two-component spinor flelds, it is convenient to present the Feynman rules of the model
using four-component spinor notation. In [f, we demonstrate how to translate between
two-component and four-component spinor notation in the interaction Lagrangian. The
relevant Feynman rules needed for the computations of this paper are listed in §. Fi-
nally, some order of magnitude estimates for the contributions to one-loop neutrino masses
(relevant for the discussion of section b.1) are provided in 0.

2. Lagrangian and the scalar potential

In this section, we examine the terms of the Lagrangian that contribute to the masses and
the non-gauge interactions of the neutrinos and sneutrinos. That is, we focus on terms
that involve the charged leptons, neutrinos, charged sleptons, sneutrinos and the Higgs
flelds. The relevant superflelds (denoted with hats above the corresponding fleld symbol)
are specifled in table .

The electric charge (in units of e) is given by Q = T3+Y=2, where Y is the hypercharge
specifled above. The index j labels components of the SU(2) doublets with T3 = 81=2 for
Jj = 1,2 respectively (and T3 = 0 for the SU(2) singlets). The fermionic partners can
be viewed either as two-component fermion flelds or the left-handed projections of four-
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component fermion flelds, as explained in . The index 1 = 1;2;3 labels three possible
generations of charged lepton and neutrino superflelds. The notation for the scalar fleld
components of the hypercharge-zero superfleld is motivated by the fact that in the lepton-
number-conserving limit, R and M possess the same lepton number (which is opposite in
sign to that of E). Consequently, &_and Bg possess identical lepton numbers [cf. eq. (6-3)].

The most general (renormalizable) form of the superpotential involving the lepton and
Higgs superflelds in the R-parity-conserving extended MSSM is given by:

W = 1 BHR2 § YRERIRY + vLORZDIR) + SM Y 2.1)

where Y- and Y~ are complex 3 £ 3 matrices, M is a complex symmetric 3 £ 3 matrix and
,, is a complex parameter.® In addition, there are soft-supersymmetry-breaking terms that
involve the scalar fleld components of the above superflelds. Before writing these terms
explicitly, it is convenient to perform fleld redeflnitions of the (charged and neutral) lepton
superflelds:

S IRVARY oS LI VAR S B VAN B (2.2)
where V|, Vg and Vy are 3 £ 3 unitary matrices. Note that the kinetic energy terms (and
the couplings of the lepton superflelds to the gauge flelds) are invariant under the above
unitary transformations. However, the coe—cients of the terms of the superpotential are
modifled:

Yo U VY. VR Y BV YLV M T VIMVy: (2.3)

We shall choose V|, Vr and Vy such that:
V' Y:Vg = diag(Ye; Y, ; Y,); (2.4)
VNMVy = diag(M1; Mz; Mg); (2.5)

where the elements of the two diagonal matrices above are real and non-negative. It is
always possible to flnd unitary matrices V. and Vg such that eq. (2.4) is satisfled | this
is the singular value decomposition of an arbitrary complex matrix [BI]. Likewise, it is
always possible to flnd a unitary matrix Vy such that eq. (£.3) holds | this is the Takagi-
diagonalization of an arbitrary complex symmetric matrix [BI{B3]. Thus, the redeflnition
of the lepton superflelds [eq. (.2)] implies that one can assume from the beginning without
loss of generality that Y- and M are real non-negative diagonal matrices.* Note that the
(transformed) Y~ is in general an arbitrary complex 3 £ 3 matrix.

We next introduce the most general set of R-parity-conserving soft-supersymmetry
(SUSY)-breaking terms (following the usual rules of [B4]) involving the slepton, sneutrino
and Higgs flelds:

Vsorr = mg, HETH +miy, HEHE + (mE)V B8 + (mR) RVRY + (mf) VR,

i M3)VR'RY +1; miHIHA+AYHIEIRI +AVHEIRY +Hic: ; (2.6)

Swith the convention for ti; as specifled in footnote , it is convenient to insert an extra minus sign in
front of Y- in eq. (@. This ensures that in a basis where Y- is a real positive diagonal matrix, the charged
lepton masses are also positive. Note that this convention difiers from the one adopted in [ﬂ]

4 After electroweak symmetry breaking, eq. (El[) corresponds to working in a basis in which the charged
lepton mass matrices are (real) non-negative and diagonal.
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where m?, m% and m2 are hermitian matrices, m% is a complex symmetric matrix and
A- and A~ are complex matrices. In general, these 3 £ 3 matrices do not take a simplifled
form in the basis defined by egs. (B.4) and (B.). The total scalar potential is made up
of three contributions: the F-terms, which are derived from eq. (2.1), the D-terms, which
arise from the gauge interactions, and and the soft SUSY-breaking terms, which have been
specifled in eq. (B.6). The total scalar potential is then given by:

X 2
E -

aw
@

and the sum over i is taken over all scalar components of the corresponding superflelds.
The Yukawa couplings of the leptons and the Higgs flelds and the corresponding fermion
mass terms are derived from eq. (2.2) using the well-known formula [g, [

1 X "g2wpy .
i Lmass i Lvuk = < [\] i j tHc (2.8)
2 07 ;

V =Vg +Vp +Vs0FT; where Vv

.7)

ij
where the 7 are the two-component fermion fleld superpartners of the corresponding ~j,
and W[7] is the superpotential function with superflelds replaced by their scalar com-

ponents. After electroweak symmetry breaking, the neutral Higgs flelds acquire vacuum
expectation values,®

> i > i
Hi =151§; HZ =152§; (2.9)

where v2 - vZ +v3 = (246 GeV)? and tanfl - vo=v;. Inserting the Higgs fleld vacuum
expectation values into egs. (2.7) and (2.§), one can isolate the terms of the Lagrangian
that are quadratic in the scalar flelds and fermion flelds, respectively. These terms yield
squared-mass matrices for the charged sleptons and sneutrinos and mass matrices for the
charged leptons and neutrinos. In the basis deflned by eq. (B.4), the charged lepton mass
matrix is diagonal, with diagonal elements m., = v;Y.!=" 2.

In general, the diagonalization of these mass matrices cannot be performed analyt-
ically, and one must resort to numerical techniques. However, the large hierarchy be-
tween neutrino masses and charged lepton masses strongly suggests that the parameters
M; v, in which case an analytic perturbative diagonalization permits one to isolate the
light (s)neutrino sector and integrate out the superheavy (s)neutrino sector, whose particle
masses are of order the M,. This procedure was carried out for the CP-conserving one-
generation model in [L]. In section B, we shall generalize this analysis to the most general
(potentially CP-violating) three-generation model.

First, we clarify the expected magnitudes of the parameters of the model:

1. We assume that the Yukawa couplings Y.'Y satisfy:®

kY-k < O(1): (2.10)

5We deflne the overaIH)hases of the neutral Higgs flelds, H¥ and H2, such that the corresponding vacuum
expectation values vi.,= 2 are real and positive. h

6 ; ; ; < P ol ;
The Euclidean matrix norm is deflned by kAk - tr(AYA) 172 = i-j Jaij] , for a matrix A whose
matrix elements are given by a;;j.
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. The Majorana mass M is much heavier than the electroweak scale (seesaw mecha-

nism [L3])

KMk v: (2.11)

. Although ,, is a supersymmetric parameter, we require it to be of a similar order to
the low-energy supersymmetry-breaking scale, Msysy [B3]:

. » Msysy : (2.12)

. The non-singlet soft SUSY-breaking squared-masses are of a similar order to the
supersymmetry-breaking scale:

kmZk » km&k » M2 sy : (2.13)

. The parameters m2B and A~ are unconnected to electroweak symmetry breaking at
tree-level. However, these parameters generate a mass-splitting between sneutrinos
and antisneutrinos. The latter contributes via loop corrections to neutrino mass
splittings, which are experimentally constrained. One expects that [34]:

kA~-k ><> Msusy ; kszk ><> MsusykMK; (2.14)

although these parameters could conceivably be larger by as much as a factor of
10° [§]. Large A~ also leads also to large corrections to charged slepton masses.
Thus, to avoid unnatural flne-tuning in order to prevent charged slepton masses from
being larger than about 1TeV, one again expects that A- cannot be much larger
than the supersymmetry-breaking scale. The impact of the one-loop efiects of sz on
charged lepton radiative decays and the Higgs mass parameters also yield constraints
and imply that the bound on sz given by eq. (.14) cannot be signiflcantly relaxed.

. The singlet soft SUSY-breaking parameter mZ, is also unconnected to electroweak
symmetry breaking at tree-level. However, the one-loop corrections to the Higgs
mass parameters depend quadratically on mZ,, so to avoid unnatural flne-tuning of
the electroweak symmetry breaking scale, one expects that m%, cannot be much larger
than (1 TeV)?. This expectation is conflrmed in B, in which case

kmZ k S M2ysy : (2.15)

If signiflcant flne-tuning of the electroweak scale is allowed (as in the split-super-
symmetry [B7] approach), then the constraints on m%, are significantly relaxed. The
one-loop efiects of m2N on physical observables are rather mild, even as kmsz ap-
proaches kM?k. For example, in [Bg], the one-loop corrections to Higgs masses in the
seesaw-extended MSSM are found to be large and negative if km?k; km2 k » kM 2k.
However, these corrections become negligible once these soft-SUSY-breaking masses
are taken somewhat below the seesaw scale.
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Thus, we shall present results in this paper that allow for the possibility that:
kmZk » kM 2k : (2.16)

If eq. holds, then remnants of the heavy neutrino/sneutrino sector can survive
in the efiective theory of the light sneutrinos. The origin of this non-decoupling efiect
is explored in [B.

Although naturalness demands that the scale of low-energy supersymmetry-breaking,
Msusy, should be (roughly) of O(v), the absence of observed supersymmetric phenomena
(and a light CP-even Higgs boson) suggest that Msysy may be somewhat larger, of order
1 TeV. Nevertheless, in egs. (£.12){(®.15), one could substitute Msysy with v; the results
of this paper are consistent with either choice.

3. The (s)neutrino (squared-)mass matrices

In this section, we examine in detail the neutrino mass matrix and the sneutrino squared-
mass matrix. In a three-generation model, the neutrino mass matrix is a 6 £ 6 complex
symmetric matrix, which can be written in block (partitioned) form in terms of 3 £ 3
matrix blocks. The sneutrino squared-mass matrix is a 12 £ 12 hermitian matrix, which
can be written in block (partitioned) form in terms of 6 £ 6 matrix blocks. Each of these
6 £ 6 matrices can be further partitioned in terms of 3 £ 3 matrix blocks. In order to
accommodate the proliferation of matrices of dimension 3, 6 and 12, we adopt a notational
device that allows the reader to instantly discern the dimension of a given matrix. Thus,
we use a boldface capital letter (M) to denote a 12 £ 12 matrix, a calligraphic letter (M)
to denote a 6 £ 6 matrix, and a Latin letter (M or m) to denote a 3 £ 3 matrix. Latin
letters will also be used to denote (scalar) mass parameters, with appropriate identifying
subscript or superscript labels to distinguish these from the 3 £ 3 matrices introduced in
sections f and B. Following the conventions of section [, we shall employ subscript and
superscript upper case Latin indices I, J, K as generation labels that run from 1 to 3.
Lower case Latin indices i, j, k are employed for other purposes, either as SU(2) gauge
indices or as labels representing the six light sneutrino mass eigenstates. Other subscripts
appearing in this section will be used to distinguish among difierent matrix quantities.

3.1 The neutrino mass matrices

Working in a basis where M is a diagonal matrix [cf. eq. (R.5)], we begin by analyzing the
neutrino mass matrix. The resulting terms quadratic in the neutrino flelds are given in
terms of two-component fermion flelds’ by:

)

- 1 :t p_ 1Js15¢J 1Jsclscd . .- 1 »T 3»5CT ”I—
1 Lm - z V2 2Y" L L + M L L + HC = E( L L )M”
L

(3.1)

“In H we show how to rewrite eq. (@) in terms of four-component neutrino flelds. However, the
two-component formalism is more economical, so we adopt this notation in what follows.
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The neutrino mass matrix M- is a 6 £ 6 complex symmetric matrix given in block form
by: — '

M. . O Moo (3.2)

where the 3 £ 3 complex matrix P
mp - VoY»= 2 (3.3)

generalizes the neutrino Dirac mass term of the one-generation model [cf. eq. (A.5)].

Provided that kMk  kmpk [as suggested by eq. (2.11)], M~ is of a seesaw type [[L3].
The neutrino mass matrix can be Takagi block-diagonalized [21, P5, B3] as follows. Intro-
duce the 6 £ 6 (approximate) unitary matrix:

—

i smSMi2ml moM il
U= t2 o TmD g it T il (3.4)
iMilm[ i sMilminiMi
where is the 3 £ 3 identity matrix.
One can check that:
- !
+O(m4M i%) 0
Uy = b ] 3.5
0 +O(mEHM i4) (3.5)
We deflne transformed (light and heavy) neutrino states ”- and " by:
- 1 -1
”L 11‘ )
7C = U 1C * (3.6)
L h
By straightforward matrix multiplication, one can verify that
UrM- U = €N
impM ilm[+O(m{M i3) O(miMi2)
o(miMi2) M+2(Mitmimp+mingM il)+O(mE M i3)

At this stage, we can identify an efiective (complex symmetric) mass matrix M-, for
the three light (left-handed) neutrinos with respect to the ’-g-basis:

M-, > impMilm[: (3.8)

To identify the physical light neutrino states, we must perform a Takagi-diagonalization
of M~.. This is accomplished by introducing the unitary MNS matrix [B9], Umns, Vvia

=l = gl ()Phys (3.9)

where the ("2)P"Ys [J = 1;2; 3] denote the physical light neutrino flelds. Umns is determined
by the Takagi-diagonalization of M~.:

UpinsM-.Uuns = diag(m-., ; me.,; m-.,); (3.10)
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where the m-~. are the (real non-negative) masses of the light neutrino mass eigenstates.

For completeness, we examine the efiective mass matrix of the heavy neutrino states.
Although M is diagonal by assumption, the lower right-handed block in eq. B.7) is no
longer diagonal due to the second-order perturbative correction. However, we do not
have to perform another Takagi-diagonalization, since the ofi-diagonal elements are of
O(mZM i), and would only afiect the physical (diagonal) masses at order O(mgM i3),
which we neglect. The corresponding mixing angles would be of O(m3M i2), which we
also neglect here. Thus, we identify the physical heavy neutrino mass eigenstates to leading
order by:

(nﬁl)phys > "ﬁl , (311)

with masses —~ 1
1 . .
Moy =My 1+ = jmlj2

2 ; (3.12)
LN

where the M are the diagonal elements of M in our chosen basis.

3.2 The sneutrino squared-mass matrices

We now turn to the sneutrino sector. It is convenient to separate out various pieces that
comprise the F-term contributions to the scalar potential [eq. R.7)]:

Ve - Vo +V + Vother; (3.13)

where V» - Pi:@};m' jOW=@";j% and V,, - j@W=@H2j? ultimately contribute to the sneu-
trino squared-mass matrix, whereas Vqiher (Which involves derivatives of the superpotential
with respect to the other scalar flelds) makes no contributions to tree-level sneutrino masses.

As a pedagogical exercise, we flrst analyze the supersymmetric limit. Although super-
symmetry-breaking is required in the MSSM to generate electroweak symmetry breaking,
one often flnds supersymmetric-like relations between the fermion and sfermion sectors in
the limit of vy = vy and ,, = 0, i.e. for V, = Vp = 0. Thus, in the following computation
the supersymmetric limit corresponds to taking the total scalar potential [eq. (.7)] to
be V = V». To analyze the contributions of V- to sneutrino masses, we can employ the
following trick. Focus on the following two terms of the superpotential:

1
o Mzv. b

t .
1 1
W - YIRZPINT + S MUININT =2 BT T . (3.14
2-1 2 2 1 B2y M ] (314)
Consistent with eq. (B.6), we redefine the neutrino superflelds as follows:
- 1 -1
P, p;.
=U ; 3.15
X N, (3.15)
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where the unitary matrix U is given by eq. (B.4). Deflning the matrix H - IhzzYn, the efiect
of eq. (B.19) is to transform W- into®
W- * %(HM ilHT)'JELEi’.% M'J+%(M HHYH+HTH MDY R NJ+OH*M i3);
(3.16)
where there is an implicit sum over | and J. In deriving eq. (| , we have used the fact
that M"Y is a non-negative diagonal matrix. Setting H3 = v,=" 2 and using eq. @), we
can directly make use of eq. to isolate the contributions to the sneutrino squared-
mass matrix that arise from V-:

i Lmass - E{‘M‘zy‘El‘ -+ N%Mﬁyhlqh , (317)

where the 3 £ 3 hermitian matrices M2. and M2, are given by:

M2. = nigM ' mimpM i*m[, + O(mE M i4); (3.18)
M3, = M?+mimp + %(MmEmEM il MilmImgM) + O(mEM i2): (3.19)

Moreover, the efiective light and heavy neutrino mass matrices, M~. and M-~_, can also
be derived by inserting eq. (B.16) into eq. (£.8). As expected, the resulting neutrino mass
matrices are related in a supersymmetric way to the sneutrino squared-mass matrices

obtained in egs. (B.18) and B.19):
M3 =MIM-.;  Mj, =ML M- (3.20)
In particular, in the supersymmetric limit,
Unins M3 Upns = diag (M3, ; mé.; m3.); (3.21)

which implies that the light neutrino and sneutrino masses coincide.

We now turn to the complete calculation of the sneutrino mass matrix. Although one
could perform the computation with respect to the basis of sneutrino states deflned by
eq. (B.19), this basis is not especially convenient. This is due to the fact that the efiec-
tive squared-mass matrix of the light sneutrinos is dominated by supersymmetry-breaking
efiects. In particular, the supersymmetric contribution of O(miM i2) [cf. eq. @B.19)] is
completely negligible relative to the supersymmetry-breaking contributions. Thus, there is
no advantage to performing in the sneutrino sector the same change of basis used to isolate
the efiective mass matrix of the light neutrinos. Hence we will write the 12 £ 12 hermitian
sheutrino squared-mass matrix in block form as:

— 1~
IV|2|_|_ MZLN L .
(MZLN)y MZNN N

1
17y

i Lmass = 5 L N (3.22)

8strictly speaking, this is not a permissible transformation, since W must be holomorphic in the super-
flelds, whereas eq. is a function of both M2 and M2~ However, since we ultimately set H3 = v,=' 2
and only take derivatives of W~ with respect to E;- and My, the procedure outlined here yields correct
results.
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where ~| - (B1; B))T and N - (R; /)T are six-dimensional vectors. The 6 £ 6 her-
mitian matrices M?, , M2, and the 6 £6 complex matrix M2, can be written in block
partitioned form as: -~ 1

M2, . M2
Mig - 5B “AB (3.23)

where the subscripts A and B can take on possible values L and N [this labeling allows
one to keep track of the origin of the various matrix blocks]. The M2, . are 3£ 3 hermitian

AYA
matrices and the MiTA are 3 £ 3 complex symmetric matrices, for A =L ; N. There are
no restrictions on the 3 £ 3 complex matrices M2, , and M3, for A & B.

Adding up the contributions of V-, V , Vp and VsoeT to the sneutrino masses yields:

M2, =mi + %M% cos 2fl + niom ; (3.24)
M2y = MZ+md +mbmp ; (3.25)
MZ\ = MpM; (3.26)
MZry = iXmp; (3.27)
Miry = i2m3; (3.28)
MZ;, =0; (3.29)

where we have introduced the complex 3 £ 3 matrix parameter X- by the following deflni-
tion: 1
X»mp - pi (VoA» + 7v1Y») ¢ (3.30)

A quick check of the supersymmetric limit conflrms the expected relation between the

neutrino mass matrix and the sneutrino squared-mass matrix:
- L}
-
mom5 M

MEM> = y 2 y
MmY M2 +m{mp

(3.31)

As noted above, because of the dominance of supersymmetry-breaking contributions to the
light sneutrino masses, the diagonalization of the light neutrino mass matrix and the light
sneutrino squared-mass matrix are completely independent.
Under the assumptions of egs. (2.10){(2.19), the 12£12 sneutrino mass matrix, written
in terms of 6 £ 6 matrix blocks with estimated magnitudes,
- 1 - 1
Mi . MEy _ O(v) O(vM)

M2 - = ;
'M2, Y M2, O(VM) O(M?2)

(3.32)

also exhibits a seesaw type behavior, analogous to the seesaw type mass matrix [eq. (B-2)]
of the neutrino sector. Following the standard procedure for diagonalizing such matrices
(see [BH]), we introduce a 12 £ 12 unitary matrix:

li %MZLI_\lelil?\l(MZLN)y _ZMZLNMI{ﬁ\I L
i MK (ME )Y i %MI{IN(MZLN)yMZLNMI{IN

V = (3.33)
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where 1 is the 6 £ 6 identity matrix. One can easily compute:

M?Z, i M2 M3 (M2 )Y +O(V*M i2) O(3M i)

VIMZV = !
owv:Mil) M2, + O(v?)

(3.34)

Hence, the efiective 6 £ 6 hermitian squared-mass matrix for the light sneutrinos reads:
o i ¢ -
M2 - MEL i MEGMER "M Y + O Mi2) ; (3.35)

analogous to the light efiective neutrino mass matrix of eq. (B.8). Likewise, the efiective
6 £ 6 hermitian squared-mass matrix for the superheavy sneutrinos reads:

h i
LI i )
M: - M{n +5 M2 (MEN)YME + (MEW)YMEGMEE, +O(V*Mi2);  (3.36)

where for completeness, we have exhibited the O(v?) corrections to the leading term.
As expected, the masses of half of the sneutrino eigenstates are of order the electroweak
symmetry breaking scale, whereas the other half are superheavy, of order M.

Following the notation of table I, the (complex) sneutrino interaction eigenstates are
denoted by: & - E; and Bgr - 1. The latter convention re ects the fact that in the
lepton-number conserving limit of M'J = m3 = 0, the lepton numbers of &_and &g are
identical, as previously noted. (Of course, the limit of interest in this paper, kMk v,
is very far from the lepton-number conserving limit.) In analogy to - and ”,,, we deflne
transformed (light and heavy) sneutrino states *< and %, by:

- ] - ]

- (3.37)

where < - (B;&)T and Tp - (& ;&))" are six-dimensional vectors. Sneutrino-
antisneutrino oscillations are a consequence of the ¢L = 2 elements in the light and heavy
sneutrino squared-mass matrices M3, and Mg , and are governed by MZ and MZ

(note that METL, which would also violate lepton number by two units, is zero).

Using the form of M2g (A, B = L or N) given by eq. (B:23) with the M35 given in
egs. (B-24){(B.29), the efiective 6£6 hermitian squared-mass matrix for the light sneutrinos
leq. (B:39)] is given by: ~ 1

Mic (MEy T~

M3, - : 3.38

where the lepton-number-conserving (LC) and lepton-number-violating (LV) matrix ele-
ments are given by:

1 i )
MZc - m2L+§M§0052fI+mEmE i MoM(M? +m2)itMm[ +0w*Mi2); (3.39)
M3, - mpM M2 +mE)itmL X! + Xemp(M? + m3)itMm[

i2mpM(M? + mZ)itmi (M2 + mZ)i*Mm[ + O(v*M i2); (3.40)

under the assumption that mZ and mZ, can be as large as indicated in egs. (2.14) and (2.16).
Note that M2 is a 3£ 3 hermitian matrix, and M?, is a 3£ 3 complex symmetric matrix.
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Moreover, although M is a diagonal matrix with real positive entries [cf. eq. @.5)], m2N
can be any 3 £ 3 hermitian matrix, not necessarily diagonal nor real. The M 1 1
limit of egs. (B-39) and is noteworthy. In this limit, M2, = 0 and the lepton-
number-violating efiects completely decouple, as expected. If in addition m2, = 0, then
MZ2c = m? + 3M2 cos 2fl, which reproduces the well known 3 £3 light sneutrino squared-
mass matrix of the MSSM. However, according to eq. (B:15), m3 M i2 » O(1) is possible,
in which case M?. deviates from its MSSM value by a quantity of O(v2) even in the exact
decoupling limit of M ¥ 1. The origin of this non-decoupling behavior is explained in [B.
As a result of this non-decoupling phenomenon, remnants of the heavy sector of the seesaw
mechanism may survive in the efiective theory of light sneutrinos. These non-decoupling
efiects can be detected in principle through measurements of the sneutrino and charged
slepton properties.

The physical light sneutrino states can be identifled by diagonalizing MZ.. Note that
if M2, =0, then the eigenvalues® of M2, are doubly degenerate, corresponding to the fact
that the conserved lepton number implies that the six light sneutrino states are comprised
of three sneutrino antisneutrino pairs. If M2, & 0, then lepton number is violated and
the sneutrinos and antisneutrinos can mix. This mixing splits the degenerate pairs and
yields (in general) six non-degenerate light sneutrinos. In particular, the resulting sneutrino
mass-eigenstates are self-conjugate real flelds, which we denote by S;,S»; :::; Ss.

To determine the Sk in terms of the interaction sneutrino eigenstates, one must com-
pute the 6 £ 6 unitary matrix W that diagonalizes M3 _:

WYMEW = diag (m3 ; mZ ;::1;md): (3.41)
Noting that 8M2% 8 = M%, where § - (° ), it follows that if W satisfles eq. (B.41)
then so does 8W~. However, the unitary matrix that diagonalizes M2_ is unique up to
a multiplication on the right by a unitary matrix Up that is arbitrary within a subspace
of degenerate eigenvalues and is otherwise diagonal. Denote the set of all such unitary
matrices by S. Hence, one can conclude that W~ = WUp for some Up 2 S. Since W is
unitary, Up = WY8W, and it follows that UpUg = I. That is, Up must be a symmetric
unitary matrix. It then follows that the matrix W - WU satisfles W! = w710

Thus, without loss of generality, we may drop the primed superscripts and impose the
constraint W = W~ on the diagonalizing matrix that satisfles eq. (B.:47). It then follows
that W has the following form:

X iy
W i (3.42)

®Under the assumption that R-parity is not spontaneously broken, the (real) eigenvalues of the hermitian
matrix MZ. are non-negative.

OWe deflne U,l;Z 2 S to be the unique square root of Up that is symmetric and unitary. This is
accomplished by noting that there exists a (unique) real symmetric matrix H such that Uo = exp(iH).
Then, US? - exp(iH=2). Note that there is still some freedom left in the choice of W', which is unique up
to a multiplication on the right by a real orthogonal matrix that is arbitrary within a degenerate subspace
and is otherwise diagonal.
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where X and Y are 3 £ 3 complex matrices that satisfy:

XXY+YYY ; XXT=vYT: (3.43)

Re(XYX) = Re(YYY) = =; Im(XYY) =0; (3.44)

N -

due to the unitarity of W. Consequently, the relation between the sneutrino interaction-
eigenstate flelds &! and the six self-conjugate sneutrino mass-eigenstate flelds Sy is given
by:
X X i ] ¢
Bl = w'kg = X'KS +iY'™ Sk 1 (1=1;2;3): (3.45)
k=1 K=1

One can then invert eq. (B.49) [using egs. (B.43) and (B:44)] to obtain:

X -
Sk = XX @y
1=1

X
Ska3 = ji y 'Kl iY'K(é"j/c; (K =1;2;3): (3.46)
I=1

Indeed, the Sy are self-conjugate real flelds as noted above.

Since MZc » O(v?) and M3, » O(v®Mil), the mass-splittings of the would-be
sneutrino-antisneutrino pairs are expected to be very small, of order a typical neutrino
mass. To compute the magnitude of the corresponding mass-splittings, we can employ per-
turbative techniques to evaluate the eigenvalues of M2, [eq. (B-3§)]. First, we diagonalize
the sub-matrix M?2.:

QIM?cQo =D - diag(ds; dy; ds); (3.47)

where Qg is a 3 £ 3 unitary matrix, and the eigenvalues d, are real. Note that Qg is not
unique. In section §.3, we will argue that the bounds on the radiative avor-changing
charged lepton decay “J ¥ ‘! imply that matrix M3 is very close to a diagonal form. In
the limit of diagonal M7, we shall take Qo = . We can then determine the ofi-diagonal
elements of Qg by writing M? ~ diag(m?; m3; m3) +m? ., where m? . is a matrix made
up of the ofi-diagonal elements of MEC, and Qg > +qg, where q% = igo. By assumption,
the matrix elements of m2,_C are much smaller than the m?, and the matrix elements of do
are much smaller than unity. Thus treating eq. (B.47) to flrst order in the small quantities,
we can solve for the ofi-diagonal elements of qo in terms of the elements of m2,_C and the
mZ. Since at flrst order m? = d, it follows that:

2
Qo = Mida g5 (348)
J 0
The diagonal elements of Qg can then be determined to the same order by using the
unitarity of Qq. In the remainder of this section, we will not make any assumption regarding
the size of the ofi-diagonal elements of MEC, in which case eq. (B.49) does not apply and
Qo must be obtained numerically from eq. (8.47).
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In the following, it will be convenient to deflne
Q=QT (3.49)
where T is a 3 £ 3 diagonal matrix of phases given by:
T - diag ei! 172; gil 272, eii‘3=2- : 5 - argngME\,Qo(tJJ : (3.50)

Note that the right hand side of eq. (B.47) is unchanged when Qo ¥ QqT, so that the
unitary matrix Q can also be used to diagonalize M?.. It then follows that:

1T - ! LI !
y 2 2
5. DB _ Q 0T MEC (MEV)/ Q 0 . (3.51)
B D 0 Q MZ, (MEY 0 @
where B is the 3 £ 3 complex symmetric matrix
B-Q'MAQ: (3.52)

Due to the rephasing of Qg as specifled by egs. (B.49) and (8.50), the diagonal elements of
B are real and non-negative: B3y = jBjjj. This is the motivation for our choice of Q in
the diagonalization of M?-. Note that if M?. is approximately diagonal, then Qo *
in which case 5 ~ arg[(MEV )aa]. Thus, unless the diagonal elements of MEV are non-
negative, Q > T & in this limiting case.

Even though D » O(v?) and B » O(v3M i1), the unitary matrix that diagonalizes D
is not close to the identity matrix, due to the double degeneracy of the diagonal elements.
In order to perform a perturbative diagonalization of D, we flrst introduce the following
6 £ 6 unitary matrix P, expressed in block form as:

- 1

P - 195 . ; (3.53)

A straightforward computation yields:

D+ReB jiImB
ilmB D jReB

PYDP = ; (3.54)
which is a 6 £ 6 real symmetric matrix.

If the elements of the diagonal matrix D are non-degenerate! such that d, j d; » O(v?)
for all 1 & J, then the matrix PYD P can be diagonalized by a real orthogonal matrix R

that is close to the identity:
- L}
+ReR ImR

+O(W2M i?); 3.55
ImR i ReR v ) (3.55)

11 general, we would expect the d; (which are the eigenvalues of MZ¢c) to be non-degenerate. Even if
the parameters m? and m2, were proportional to the identity matrix at the high energy scale due to some

avor symmetry, this latter symmetry would not be respected by the corresponding low-energy parameters,
due to avor-violating efiects that enter the renormalization group running. Moreover, the matrix mp is
likely to re ect some of the avor-violating efiects of the model. Hence, any (near) degeneracy among the
d; would be purely accidental.
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where the 3 £ 3 complex antisymmetric matrix R is of order O(vM i1):

B/
Ris = iRy - 1 (16&J): (3.56)
dy id
One can check that:
RTPYDPR =diag(m3,; m3,; :::;;m3,) + O(v'Mi?); (3.57)

where the squared-masses of the light sneutrinos are given by:

Mg, s,., = @ §Booj +O(*M %) (I =129); (3.58)

and ng > m§J+3. Note that the perturbations due to the ofi-diagonal elements of B
contribute only to the O(v*M i2) terms of the squared-masses.

Combining the results of egs. (B.51), (B:53) and (B.5H), the light sneutrino mixing
matrix [deflned in eq. (B.47)] is given by:

_ 1 Q(C +R) iQ( i R)
WEPs o +RY Gia( i R

Comparing with eq. (B.42), we identify:

+O(W>M i?): (3.59)

X = %Q( +R)+O(V?Mi?); and Y = %Q( i R)+O(V2Mi2): (3.60)

Inserting these results into egs. (B.45) and (B.46) yields the desired (approximate) relations
between the sneutrino mass eigenstates S, and the interaction eigenstates &!.

For completeness, we brie y examine the modiflcations to eq. (B.59) if some of the
d, are degenerate. In this case, the diagonalizing matrix R is not close to the identity
matrix, and the perturbative analysis above fails. Consider the case of dj = d; & dg,
where fl; J; Kg is some permutation of f1;2;3g. The flrst order shift in the eigenvalues of
D will depend on B, 3 as well as on the diagonal elements of B. However, the perturbations
due to Byk and Bjk will only generate second-order shifts to the eigenvalues, which we
neglect here. Thus, it is su—cient to solve the characteristic equation of D in the limit of
dy = dj and Bk = Bjk = 0. In this limit, the characteristic polynomial factors into a
ﬁroduct of two S|mpl?]r polynomial factors 12

i
Gidk)?iBrki® Gid)*iGid)? JBHJ +jByaj? + 2jByJj "‘HB|23 i BHBJJH2 :

(3.61)
The resulting sneutrino squared-masses are:
2 > nl h P— IOl =2
M§ s, ~ B8 5 JBu® +jByuj’ +2Byjt+ ¢ ; (3.62)
2 - rl1 h ., Pp_101
mS, 5. - G 8 5 JBuP +jBaf®+2iBuj*i ¢ (3.63)
M3, sicrs Ok 8Bk (3.64)

12|n the case of a near degeneracy where d; j dj )<) O(vM 1), the quartic polynomial factor of the

characteristic equatlon of D contains a term linear in , j 5 1(dy+d3). In this case, the resulting expressions for

m3, .s,., and mg, .s, . are significantly more complicated than those presented in egs. -) and -
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where h i, H HZ
¢ - jBnj>+jByj? +2jB1sj® i 4'BE i BBy (3.65)

The corresponding mixing matrix can be obtained by performing an exact diagonalization
within the two-dimensional degenerate subspace, although we shall omit the details.

Finally, in the very unlikely scenario where d; = d, = d3z - d, all of the matrix elements
of B contribute to the flrst order shifts of the eigenvalues of D. To determine these shifts,
put , =d + x in the characteristic equation of D to obtain a sixth order polynomial in x.
No further perturbative simpliflcation is possible, since all the terms of this polynomial are
of the same order of magnitude.

As expected, the mass-splittings of the would-be sneutrino-antisneutrino pairs are
nonzero due to the presence of the lepton-number violating matrix M2, [cf eq. (B:52)]. If
we denote the three sneutrino mass-splittings by (¢m-.); - jms, i Ms,,.j (for J =1;2;3),
then in the non-degenerate case,

(¢m-.), ~ ‘B%: (3.66)
In the case of degenerate d;, the mass-splittings (¢m-.); also depend on the non-diagonal
elements of B.

It is instructive to examine the above results in a simplifled one generation model. In
this case, D - M2 and B - M2, are just numbers. In particular, m2 is a real parameter
and M2 is a 2 £ 2 hermitian matrix, with eigenvalues

mgl;SZ = MEC §JMEVJ

1 impj?m2, _ 2jmpj*M Mm?2
= m2,_+—M§COSZfI+J bl > 1Mo 5 [ » ] ———2l (3.67)
2 M2+ mg ~ M2+ mg M2 + m§,
The corresponding sneutrino mass-splitting, €m=. - jms, § Ms,j, is given by
cme. 2M?2 Mm?2
= 2 2 H B vy ey K (3.68)
m-. m= (M2 +mg)) M2+ mg,
where m-. - jmpj?=M is the mass of the light neutrino and m=. - 3(ms, + ms,) is the

average light sneutrino mass. If my ¢ M, then eq. (B.68) coincides with the result given
in after taking into account a slight difierence in notation.!3

Assuming that m2B » O(vM), it follows that both terms on the right hand side of
eq. (B.:69) are of the same order, which implies that ¢m=. » O(m-.). However, as noted
below eq. (B.14), it is possible that mZ could be as much as a factor of 10° larger than its
naive estimate [[(§], in which case the sneutrino-antisneutrino mass splitting could be three
orders of magnitude larger than the corresponding light neutrino mass.'#

BIfwe putm3 - j MBy and change the sign of A~ (with the corresponding change in X~ [cf. eq. (8.30)]),
we recover the results of [@].

14 A similarly enhanced sneutrino-antisneutrino mass splitting also arises in the supersymmetric triplet
seesaw model of [@].

{18{



The same set of manipulations described above can be carried out to obtain the cor-
responding results for the efiective 6 £ 6 hermitian squared-mass matrix for the heavy

sneutrinos [eq. (B-39)]:

~ '
MZ  §2(m3y”

amg vy T OVMT: (459

2
Mz, =~ -

where the 3 £3 hermitian matrix M3 is deflned by:

M3 - M?+m +m)mp + %(M2 +m3)ItMmEnEM + %MmEmEM(M2 +m3)it:

(3.70)
The physical heavy sneutrino mass-eigenstates are determined by diagonalizing Mﬁh. At
leading order, the mass-eigenstates are mass-degenerate sneutrino/antisneutrino pairs, with
masses and mixing angles (with respect to the basis in which M is diagonal) determined
by the diagonalization of mZ,. The lepton-number violating ofi-block-diagonal matrix m%
generates sneutrino-antisneutrino mixing, and yields mass-splittings between nearly degen-
erate heavy sneutrino pairs of order ¢m=, » O(m3M i),

The complex elements of the sneutrino squared-mass matrix govern CP-violating sneu-
trino phenomena, due to the non-degeneracy of masses of the real and imaginary parts of
the sneutrino flelds. Following the discussion of the CP-properties of the sneutrino flelds
in section f, we find it convenient to deflne a new basis of sneutrino interaction eigenstates
of deflnite CP. That is, we decompose the complex sneutrino flelds into real and imaginary
parts:

i
PO (3.72)
h

where the [+; j] superscripts indicate that the corresponding sneutrino eigenstates are
CP-even and CP-odd. With respect to the CP-basis,

1
’.1‘("')

g_‘(i)

1 .
i Lmass = 50T, =0T)PYME P

1

O~~~

7 T. 7 i T .
+ (~Ig+) : ~Igl) )PTMghP/ i) .

(3.73)

N -
!

where P is the 6 £ 6 unitary matrix introduced in eq. (8.53).
That is, with respect to the CP-basis, the efiective squared-mass matrix for the light
sneutrinos is given by:
- L
Re(MZc +MZ,)  iIm(M{c +MZy)
Im(MZc i MZy) Re(M{c i MZy)

2

M., - PYMZP = (3.74)

This is a real symmetric matrix (which is easily checked by recalling that MEC and MEV
are, respectively, hermitian and complex symmetric matrices), as the CP-basis consists of
real self-conjugate scalar flelds.
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If InM?Z. = ImM?,, = 0, then the sneutrino mass-eigenstates are also defInite eigen-
states of CP. If in addition ReM?, & 0, then the would-be sneutrino-antisneutrino pairs
are organized into CP-even/CP-odd pairs of nearly degenerate sneutrinos [[Lg].

Since mf is real symmetric, it can be diagonalized by a 6 £ 6 real orthogonal matrix,
Z= Via:

2
ZI MiZe=(m3,; mi,; 1, md); (3.75)
and the corresponding physical sneutrino mass eigenstates, Sk (k = 1;:::;6), can be iden-
tifled as linear combinations of the CP-even and the CP-odd sneutrino eigenstates:
—~ o 1
! S
() !
B _ , ]
Se

Matching with the notation employed by our discussion of sneutrino oscillations in section g,

we note that the sneutrino interaction eigenstates, *<, can be expressed in terms of the
physical (self-conjugate) sneutrino mass eigenstates Sy via:

X
2l = % (ZIK + iz} 3Ky, (3.77)
k=1

Comparing egs. and (B.77), we can identify:

XlK — 'pl§ Z1~!K+izi+3;K- :
i :t I;K+3 - I+3'K+3-
Y= e 2 iz (KK =1;2;3); (3.78)
which can be inverted to obtain: - '
P- ReX jImY
Zu = eXx aimy . (3.79)

Im X Re Y

One can easily verify that the orthogonality of Z= implies the unitarity of W deflned in
eq. (B.49) [and vice versa]. In particular, egs. (8.41) and imply that Z» = PYW, in

which case q

Z1Z.=WTPPYW =WT 0 0 W =WYW = I; (3.80)

after using the explicit forms for W and P.

In summary, we have derived the light efiective sneutrino squared-mass matrix by
exploiting the seesaw mechanism in the sneutrino as well as in the neutrino sector. Our
calculation is quite general under the parameter assumptions specifled by egs. (R.10){
@15). We found that M2, depends on two 3 £ 3 matrix blocks, MZ- and M?,,, given
by egs. (8-39) and (B-40), respectively. In particular, M3, is responsible for the splitting
of the masses of would-be sneutrino-antisneutrino pairs, or equivalently the mass-splitting
of CP-even/CP-odd sneutrino pairs, ’~’.(§), in the CP-conserving limit. As we shall see in
sections f§ and B, the matrices M?. and M2, provide a convenient parameterization for a
number of interesting physical observables, such as neutrino masses and radiative lepton
decays.
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4. Constraints on lepton number conserving parameters

The input parameters that govern sneutrino mixing phenomena and sneutrino decays are
encoded in matrices M2, and M?Z: given by egs. (B.40) and ([B.39), respectively [or, alterna-
tively, in the physical sneutrino masses and the orthogonal matrix Z= deflned in eq. (8.79)].
At present, apart from neutrino oscillations, only lepton number conserving processes are
observed in current experiments. These processes constrain the entries of the lepton num-
ber conserving matrix MZ.. In this section we investigate bounds on the structure of M?
imposed by the measurements of the muon magnetic moment anomaly, the g j 2, the
electric dipole moment (EDM) of the electron and the radiative avor changing charged
lepton decays, ‘7 ¥ “! . The latter have also been worked out in detail in [21]. Additional
constraints due to “1 ¥ “i<i<* decays and ,,{e conversion in nuclei are also relevant and
have been analyzed in refs. [21, B]]. These constraints can yield further restrictions on the
structure of MEC, although we shall not present this analysis here.

We brie y summarize the constraints from current experiments relevant for the com-
putations presented in this section. The most recent experimental measurement of the
muon anomalous magnetic moment (a°®) exhibits a slight discrepancy [(] relative to the
predicted value of the Standard Model (aff‘). A recent theoretical review of the computa-
tion of the Standard Model prediction [4J] yielded -a, - a2® j a'" = (2:94 § 0:89) £ 1019,
where all theoretical and experimental errors are added in quadrature, corresponding to
a 3:3 efiect. Thus, we roughly expect that the contribution to the muon anomalous
magnetic moment from new physics beyond the Standard Model to be no larger than
-a_ - 3£101° There is no experimental evidence of an nonzero EDM for the electron
(de). The most stringent upper bound, obtained in [#4], is de = 1:6 £ 1012” e cm at 90%
CL. Likewise, there is no experimental evidence for radiative avor-changing charged lep-
ton decays. The 90% CL upper limits to the branching ratios for the muon and tau-lepton
radiative decays are given by: BR(,, ¥ e ) = 1:22£ 101! BR(; " ¢ ) = 1:1£10i’ and
BR(; ¥ ,, )=6:8£10i8 [II].

4.1 Supersymmetric corrections to the lepton-photon vertex

The amplitudes for the processes of interest are obtained by evaluating triangle diagrams
that contribute to the one-loop correction to the lepton-photon “J<! vertex. Supersym-
metric corrections to this vertex arise from the two topologies of diagrams depicted in flg-
ure fl. The corresponding Feynman rules required for the vertices are given in egs. (C.3)
and (C.4) of @. The anomalous magnetic moment and electric dipole moment (EDM) of
the leptons and the lepton avor violating decays 7 ¥ “! are derived from the following
terms of an efiective Hamiltonian:

i . S
H=e'clls »"PLs? + CR s ~"Pr*? F (4.1)

which can be extracted from the computation of the efiective one-loop “'*J  vertex.
The computation of the Wilson coe—cients C ; Cg is straightforward. After calculating
the contributions of diagrams (a) and (b) of flgure [l and expanding in momenta of external
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Figure 1: One-loop SUSY diagrams contributing to radiative, *~ , decays. In (a), the scalar
S is a charged slepton and the fermion f is a neutralino. In (b), the scalar S is a sneutrino and the
fermion f [f€] is a positively [negatively] charged chargino (gf = 1).

particles, we flnd for their total Wilson coe—cients

CIlJ — CllJ +m- ICIIJ +m‘JC4il:?\;] .
Ck’ = CiK + muCi +muCyyY (4.2)

where the index i labels the contribution of diagrams i = a;b and the m. (I =1;2;3) are
the lepton masses. For diagram (a) we obtain,

1
ciy = 2 )qubVaJmeR(mS;mf);
cad = 1 at"a’ Cops(ms; ms) ;
2. )zq's 23(Ms; Mt

and for the diagram (b),

Cle —

1
(4.)?

ch) = geat @l Coz(me; ms) ;

1
2(4.)2

geb @’ meCra(me; ms) ;

1
CaIJ — 2(4 )qua il m£Cio(Ms; Mg) ;
CiF = )zqsb‘/b Cas(ms;me) 3 (4.3)
1
co = a )quaj/b‘] m¢Cy1(Mg; Ms) ;
CbIJ — quj/b ng(mf mS) (4'4)

B 2(4 )2

where m¢ and mg are the masses of the fermion f and scalar S, respectively, and all other
parameters are deflned in flgure . The loop integrals appearing in egs. (¢.3) and (%.4) are:
4

i 3y? y y .
Cll(x y) 4(X2 i 2)2 (X2 i 2)3 IOg ; )
X2 +y? 2x2y? y .
C(xy) = 2(x2 : 2)2 (X2 i y2)3 Iog ¥’
x4 i 5x%y? j 2y* x2y* y
Co(x;y) = 12(x2 VA ATAL log v (4.5)

The full Wilson coe—cients Ci and Cg are obtained by summing over all relevant triangle
diagrams in the model. In our case just two of them contribute: diagram (a) with charged
slepton and neutralino exchange and diagram (b) with sneutrino and chargino exchange.
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4.2 (9 i 2),, and the electron EDM

The formalism described above leads easily to expressions for the EDM of the electron and
for the muon magnetic moment anomaly (g, § 2)=2. For both processes | = J, so that the
avor-diagonal piece of the efiective Hamiltonian is given by

H=e# » ReC}’+mu.(Cy’ +CiR)iilmCy’ s “JF~"; (4.6)
where we used the relation C;3 = C3>". By matching to the standard form [f5, fg]:*°

e
4m|J

_ id‘J e J

agsd IR+ s IF 4.7)
where a3 - (g i 2)=2 is the magnetic moment anomaly and d., is the EDM of the lepton,
one can extract the expressions for the electron EDM, dg, and for g_ i 2,

de = j2eImCit; (4.8)
22 22 22<”
a, = j4m_ ReCif + m (Cj +CjR) : (4.9

In principle, both quantities can be used to set bounds on parameters such as M, m2,,
m3 and X- that govern the heavy sneutrino sector. However, the one-loop contribution to
the C1t from flgure fl(b), which is sensitive to the sneutrino sector, is real if the chargino
parameters ,, and M, are real. Hence, the electron EDM measurement does not vyield
any constraints on sneutrino parameters at one loop. However, there can be sensitivity
due to potentially large two-loop corrections; for further details see ref. [29]. Similarly,
the neutrino magnetic and/or electric dipole moments!® are also insensitive to the heavy
sneutrino sector at one-loop, since there is no possibility of attaching the photon to a
one-loop graph that involves the sneutrino-neutrino-neutralino vertex (see [0).

The amplitudes displayed in flgure f] can give sizable contributions to the anomalous
magnetic moment of the muon. These contributions are avor diagonal and are sensitive
mostly to the overall mass scale of the sleptons, gauginos and light sneutrinos | i.e. to the
diagonal entries of corresponding mass matrices. Thus, the measurement of a  can be used
to set lower bound on these SUSY masses. Assuming that the discrepancy between the
experimentally observed muon anomalous magnetic moment and the theoretical prediction
of the Standard Model, -a_ - 3 £ 10i°, is due to new physics efiects arising from the
diagrams of flgure fll, one can deduce lower bounds on the magnitude of slepton squared-
mass parameter as a function of M, and tanfl. Examples of such bounds are listed in
table P.

Note that potential contributions to M2 [cf. B:39)] from the terms containing the
Dirac mass mp are suppressed by a quantity of O(m3 M i2). As we will show in section .3,

1n eq. @), the unit of electric charge e is taken positive, so that the electron charge is je (which also
coincides with the convention adopted by refs. [@] and [@]). Eq. (E?I) is consistent with the corresponding
efiective Lagrangian of [@], by noting that Commins et al. deflne the anomalous magnetic moment of the
electron to be « = jae (J.D. Jackson, private communication).

1®Note that for Majorana particles only transition dipole moments can be nonzero.
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M, = 100 M, = 200 M, = 300

tanfl (mL)min (mL)min (mL)min
5 170 110 70
10 300 270 210
15 420 420 370
20 530 570 530
25 650 740 700

Table 2: Lower bounds on the square root of (m? )2, from the measurement of a . All masses are
in GeV.

this ratio can be at most of the order of 10i2, otherwise the Dirac mass term mp would
generate unacceptably large contributions to rare <7 ¥ ‘! decays. Thus, the muon
anomalous magnetic moment can be efiectively used to set a lower bound on the diagonal
22 element of the soft slepton squared-mass matrix m? and on the gaugino mass parameter
M, as specifled in table fl. The dependence on m and ,, is significantly weaker.

4.3 Radiative charged lepton decay: 7 1 *!
The <7 1 ! decay width is given by

3 ¢
TG I )— Jc'LJ12+jcés’jz ; (4.10)

The corresponding branching ratio is obtained by dividing the result of eq. (£.10) by the tree
level decay width, j(*7 ¥ <7971y =m3,G2=192..3 (where we ignore W -propagator efiects
and a very small correction due to the nonzero mass of the light flnal state charged lepton).
In particular, the branching ratios for the experimentally interesting decays ,, ¥ e and
¢, ¥ ,, aregiven by:

48..%¢? 12:2 12:2% .
BR(,, ¥ e )= m262 jCLJ +jcj? (4.11)
and
48..%e2 i o2l
BR(; ¥, )= jCEj? +jc&j? (4.12)

232
msGg

At leading one-loop order, flgure fl(a) yields an amplitude that is proportional to the
ofi-diagonal terms of the slepton soft mass matrix m?, and thus not relevant for setting
bounds on heavy sneutrino parameters.!’” The amplitude corresponding to flgure fI(b)
depends directly on the lepton avor conserving part of the light sneutrino mass matrix,
M2.. This can be verifled by using the Feynman rules collected in the [d and employing the

170f course this diagram is relevant when Y--dependent corrections to m? entries are generated by the
renormalization group evolution of parameters. This efiect has been studied extensively in the literature
(see e.g., [@]), and we will not repeat this discussion here.
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mass insertion approximation (MIA) expansion; for more details see e.g. ref. [4g]. Assume
(at least formally) that sneutrinos are closely degenerate in mass,

m3, = mj+-m%_; (4.13)

and then expand the functions C/J or CLJ [denoted generically in eq. (¢.14) by f], which
depend on the squared-massed mgk, up to the flrst order. This results in

@f @f , Of ,
Z =f(mf) i m§ —» am ms, omZ i (4.14)

0 5 mg

f(mg,) .. F(M§)+(m§, i mo)

where there is an implicit sum over k. The advantage of this procedure is that it allows one
to perform the sum over the sneutrino avor index k in evaluating egs. (¢.11) and (#.13).
For example, the neutrino squared-masses always appear multiplied by a pair of sneutrino
mixing matrices (due to the form of the sneutrino couplings given in [G). Using the inverse
of eq. (B79), one obtains Z,ikzikmék = (M),

It is possible to relax the assumption of approximately degenerate sneutrino masses.
In particular, it can be shown diagrammatically that it is better to use appropriate ratios
in place of the derivatives of eq. ((.14) in the MIA expansion. Thus, for 3 > 1 (corre-
sponding to the decay of a heavier lepton ** into a lighter lepton “') and neglecting terms
proportional to the lighter lepton mass, one arrives at the simple result:

cld = o; (4.15)
CII?J > CEIJ + M.y Cle
. q P T !
- me-a e2 IMEC‘]:L] JZ]_IJZ ¢C23 ; 2 m’?— L= 2 ¢Cll
+ + i )
(4..)2 23, ¢m? 5 cosfl My oem? ),

where the Zg are the chargino mixing matrices deflned in [ff],

8

Cij(m-+;mu) j Cij(M-+;mM.y)
q §u K ‘2: '; k———; forl &J;
¢C|j m'.’.l 1 m':_:]

¢m? %@Clj(m"" m.. ')
ems,

(4.16)
; for1 =J:

and m., are the three \CP-averaged" sneutrino masses, given by the positive square roots
of the eigenvalues of M?2. [cf. eqs. (B-47) and (B.59)].

Clearly, our approximate expression for C& given by eq. (¢.15), which enters the
decay rates in eq. (f.10), is proportional to the lepton number conserving squared-mass
matrix, M?., deflned in eq. (B:39). Even in the case where m? is diagonal, contributions
to radiative lepton decays arise from the ofi-diagonal elements of M?2. governed by the
general form of the matrices mp and mz,\I [cf. the third term in eq. (B.39)]. Notice that the

avor dependence disappears completely in the limit of diagonal m2,_ and mz,\I = 0 in which
case M2 is diagonal.

The efiect of the seesaw contribution to the lepton number conserving part of the sneu-
trino squared-mass matrix, M,_C, has not been previously noticed in the literature. This
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tanfl 10 20
O 1 (@) 1
&270% . 4% 112 &570° .8 . 452
M2, B . &2 _32 X 8 . &s570? . 1502
D i & 2702 T 2 & 5702
Table 3: Bounds on the structure of the matrix elements of MEC for M, = ,, = 200GeV. All

masses in the table are given in GeV.

yields an extra contribution to the decay branching ratios BR(*Y ¥ ! ). Consequently,
for a flxed set of chargino sector parameters (,,, M2 and tanfl) and soft slepton squared-
mass matrix (m?), the experimental bounds on the radiative lepton branching ratios can
be used [via egs. @.11), (B.19) and (B.15)] to determine upper limits on the ofi-diagonal
matrix elements of M. Examples of such bounds for M, = ,, = 200 GeV and two sets of
tan fl and m{™" (previously exhibited in table f) are shown in table §. In obtaining these
bounds, we assumed that m? is diagonal so that flgure fl(a) does not contribute to the decay
amplitude.'® We then varied the matrix elements of M2 until the constraints from mea-
surements were violated. Moreover, we incorporated the full numerical one loop calculation
for <9 ¥ ! presented in section [.7 rather than the approximate expressions given, e.g.,
in eq. (#I5). Notice that there exist lower bounds for the diagonal elements of M3 from
(9 i 2),,, but upper bounds for the ofi-diagonal elements of MEC from BR(“7 ¥ <!+ ),

The results of table J illustrate that the bounds on the square roots of the ofi-diagonal
elements of M?. are at least 10{100 times smaller than the square roots of the diagonal
elements. It is convenient to rewrite eq. (8.39) in the following form:

1 i i 1 1 -
fc = mi + SMZ cos2fl + noM TR (- + M IZmR) M itmp + O(v*M %)
1 i i 1 -
= m{ +2M3 cos2fl + ngM Hm{ M H1m +O(v*M %) + O(vmi{ M 1) (4.17)

where we have expanded out the quantity ( + M i2m2)il under the assumption that
kM i2m2 k < 1 (to be justifled shortly). Eq. (-I7) implies that the ofi-diagonal elements
of M2, are roughly of order mdm=M?2 (barring any accidental cancellations). If we
assume that mp is of order the electroweak scale, then the bounds on the ofi-diagonal
elements given in table § imply that

jijij P2y .
X - = — . 0O(10%*%):
jiMZ2jj (105

(4.18)

with the strongest bound given by ,, ¥ e decay. This result suggests that kmz,\I k=2 cannot
be larger than about 10% of the Majorana mass scale M. Hence, M2 +m2 > M2 and for
the estimates of the magnitude of the entries of the lepton number violating mass matrix
M2, in the next section we henceforth set mZ, = 0.

8 Non-vanishing ofi-diagonal elements of m? should in most cases tighten the bounds on MZ¢, barring
accidental cancellations between the amplitudes obtained from flgure (a) and (b).
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5. Neutrino masses and the lepton number violating parameters

In this section we examine the constraints on the lepton number violating sneutrino
squared-mass matrix M2, from our knowledge of the physical (light) neutrino masses
and mixing angles.

5.1 One-loop contributions to neutrino masses
The efiective operator that describes the light neutrino mass matrix is given by:

iLm. = %MH"PZJ + H:c: (5.1)
Note that 7! is a ¢L = 2 operator, since it changes lepton number by two units. In
section B.1], we evaluated the tree-level contribution to M-. [cf. eq. (B.§)]. However, one-
loop contributions to the light neutrino mass matrix can be signiflcant, and in some cases
these can be as or more important than the tree-level contribution [1§, P§]. The dominant
one-loop graph involves a loop containing neutralinos and light sneutrinos, as shown in
flgure fi(a). Due to the presence of the lepton number-violating sneutrino squared-mass
matrix MEV, which violates lepton number by two units, flgure f(a) can contribute signifl-
cantly to the light neutrino mass matrix. Other one-loop contributions shown in flgure B(b),
yield corrections to the light neutrino mass matrix of at most a few percent, and thus can
be neglected.

In order to establish the results just quoted, we begin by reviewing the relevant in-
teractions that govern the one-loop contributions to the light neutrino masses. The light
neutrino couplings arise from eq. (2.8) and the supersymmetric sneutrino-neutrino-neutral
gaugino interactions. After isolating the interaction terms containing one neutrino fleld,
one arrives at

IJ:I: 1ncd 2 o ST 3 %
L= jY." "["["Hy + I:'Zznl_L'R + H?E bl pi(gz\ﬁ i 01B)" % +He; (5.2)

where W3 and B are the SU(2) and U(1) neutral (two-component) gaugino flelds, and
g2 and g; are the corresponding gauge couplings. Using egs. (B.4) and (B.9), it follows
that " = "< +nmgMit”c and "¢ 7 "¢ j Milm[ . Likewise, it follows from egs. (.33)
and (B.37) that

-
M

T 2+ npM(M? +mR) P (5.3)
% i (M2 mR) HMmp s (54)

5 -

Thus, the efiective interaction involving (at least) one light neutrino fleld is given by:
%o :
I_". > iY"IJ l:ﬁzn‘l 1__1}.3/_'_ n‘l nﬁJ H22 i (mDM il)KJ l:ﬁz"KL"J/'F n‘l n‘}( H22

(M2 +mZ) P IMmE P gk

i £
+85(0 W § 0.8) "'+ mpM (M2 + mE)i! of + e (5.5)
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() - (b) -

Figure 2: One-loop corrections to light neutrino masses. (a) The loop consisting of light sneutri-
nos (Sk; k = 1:::6) and neutralinos ("?; i = 1:::4) is the dominant contribution. (b) The loop
consisting of a neutral Higgs (or Goldstone) boson and a heavy neutrino contributes a relative cor-
rection to the light neutrino mass of at most a few percent. The contributions of the corresponding
graphs (not shown) in which the light sneutrinos in (a) are replaced by heavy sneutrinos and the
heavy neutrinos in (b) are replaced by light neutrinos are suppressed by an additional powers of
O(VM i) as explained in B,

In order to perform the explicit loop computations, it is convenient to rewrite eq. (p.5)
in terms of mass eigenstate flelds. The Higgs fleld H2 is expressed as [9]:

0)/; (5.6)

2 1 £ O - 0 - - - 0 -
H> =p§ va + h” cos fi + Hsinfi + i(cos fIA” + sinfIG

in terms of the CP-even Higgs flelds h® and H® (where mpo = my0), the CP-odd Higgs fleld
AP and the Goldstone fleld G°, where tanfl - v,=v; and fi is the CP-even Higgs mixing

following [[q] by
- ZH-JQ; where 7 - (jiB; §iW3; B}; BY); (5.7)

and Zy is a unitary matrix that governs the Takagi-diagonalization of the complex sym-
metric 4 £ 4 neutralino mass matrix, M-o via Z,I,M»OZN = diag(M»g Dl M»g).

Before presenting the explicit computations, let us flrst estimate the order of magnitude
of the loop-contributions to the neutrino mass due to the loop graphs of figure P(a) and (b),
and the corresponding graphs (not shown) in which the light sneutrinos [heavy neutrinos]
in graph (a) [(b)] are replaced by heavy sneutrinos [light neutrinos]. This analysis is
presented in O | the results obtained there imply that the graphs of flgure B(a) and (b)
both yield contributions to the one-loop light neutrino mass matrix of order the tree-level
light neutrino masses, multiplied by the appropriate vertex couplings and a typical loop
factor. Other one-loop contributions not shown in flgure P are suppressed by additional
powers of O(vM i1) and are utterly negligible.

We begin with an examination of the loop amplitude of figure f(b), which is governed
by the light neutrino-heavy neutrino-Higgs interaction term of eq. (6.5). The internal
heavy neutrino line is marked with an £ to indicate the lepton-number violating propagator
proportional to its (diagonal) mass M-KL. Summing over all the internal neutral Higgs and
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Goldstone states, the leading O(M) term vanishes, leaving a subleading term of O(vZM i1),
which is the magnitude of the light neutrino mass. We find that figure JJ(b) yields a leading
contribution to the light neutrino mass that is proportional to the tree-level light neutrino
mass matrix [cf. eq. (B.9)I:

M-. g3 M
Mo 92 g A .
1222, Ymy (5-8)

where M and My denote average heavy neutrino and Higgs boson masses. This correction
turns out to be of the order of at most few percent. Additional corrections can also arise
that modify the avor structure of M-., but these are not logarithmically enhanced and
are thus even smaller.

Hence, the possibility of a signiflcant one-loop contribution to the light neutrino mass
matrix can only arise from flgure P(a), which is governed by the light sneutrino-neutrino-
gaugino interaction term of eq. (B.5). In the following, we examine the corresponding loop
graph in which the external light neutrino flelds are mass eigenstates (2 )Ps [cf. eq. (B.9)].
Using four-component spinor methods, the amplitude for this graph (with incoming four-
momentum p) will be denoted by

ii[(68) + 85")PL + (B8) + 8F")PRI; (5.9)

where the generic self energies §\',fs(p2) of the Majorana neutrino must be symmetric in its
indices I;J. To evaluate this graph, we express the neutrino-sneutrino-gaugino interaction
Lagrangian in terms of the four-component self-conjugate Majorana neutrino flelds ", and
the Majorana neutralino flelds ~9 [cf. [4]:1°

i i H k - EE]
L-ve = = (02228 § g1Z8)(2i¥ § iz8 Y00 s 0P S+ Hie;  (5.10)

N[ =

where the neutralino mixing matrix Zy is deflned in eq. (.4). The resulting DR-
renormalized neutrino mass matrix at one-loop order is given by:

(MET)I = . ()1 + Re 8K (TR) + Zme, 81 (M2.) + Zm-., 89/ () ;

2 2
(5.11)
where the loop diagrams are regularized by dimensional reduction and the tree level di-
agonal mass, m-~.,, is deflned at the renormalization scale ,,r. In addition, m2., is some
average neutrino mass scale, which to a very good approximation can be taken to be zero
in the explicit loop calculations presented below.

In order to determine the masses of the light neutrinos at one-loop accuracy, it is usually
su—cient to calculate the diagonal matrix elements of the self energies (i.e., by setting | = J
in eg. (B.11)), assuming that the tree-level neutrino masses are non-degenerate. However,
in some cases §,'5~;’V can be numerically large for 1 & J. |If the latter holds, then one

¥More explicitly, the non-zero components of P._"}, are the two-component neutrino flelds (*!)*"™*, and
the non-zero components of P_"° are the two-component neutralino flelds =9 introduced in eq.
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must re-diagonalize the neutrino mass matrix, (MS"11°%P)13 "in order to obtain the loop-
corrected physical neutrino masses and corresponding mixing matrix Upns (more details
of a similar procedure in the context of R-parity violating models can be found, e.g., in
refs. [B0] and [RH]).

An explicit calculation of the diagram shown in flgure fi(a), in the limit ma, ¥ 0, yields

m-
gy = 4'(4 ¥ (@28 § uzE)? (zH* § iz zZMk G izM e (5.12)

£UMNS s Bo(m- -0, ;ms,);

8V = 7a )2 10228 i gz @8 § iz @R+ iz g

with an implicit sum over repeated indices, where m-o and ms, are the neutralino and
sneutrino masses, respectively, and By, B1 are the standard 2- point loop-integrals [B]]]
evaluated at p®> = 0,

X X2 + X
Bo(X;y) = € j log —;/ +1ij 2 zz Iogy (5.14)
11R
|
1 y 3 y? x4 1 X
B1i(Xx; i-z¢C + Io i + i- log—; (515
1(06Y) = i S 2iaieiyy T Geaypria Wy G

with ¢ - 2=(4 §d) §j +In4. set to ¢ = 0 in the minimal subtraction renormalization
scheme. Note that &g is flnite, i.e. in the sum over k the dependence on € and ,,r cancels
exactly due to the orthogonality of Z. Likewise, 8!7 is flnite for I & J, which is easily
verifled after using the orthogonality of Z and the unitarity of Uyns. This is to be expected
since in the mass basis there are (by deflnition) no tree-level ofi-diagonal neutrino mass
matrix elements. In contrast, §€,J is divergent, and after minimal subtraction it is here
that the ,,r dependence resides.

We now examine the relative magnitudes of the various contributions in eq. (5.11)
to the loop-corrected neutrino mass. First, we observe that 8, [given by eq. (6.13)] is
dimensionless and has a magnitude of the order of a typical electroweak correction (this has
been numerically conflrmed). Thus, the one loop contribution of the terms proportional to
the minimally subtracted 8y in eq. (b.11) is at most a few percent of the tree-level neutrino
mass. Given the current experimental accuracy of neutrino data, this latter correction can
be neglected, as it does not provide any constraints on sneutrino parameters. Thus, we
focus on 8s [given by eq. (5.13)], which can be simplifled by employing the MIA expansion
described in section .3 The end result is:

_M,!‘J . (M"l‘iloop)l\] i rn”‘I_IJ (5.16)
il £ 2 MJ | ¢ / ¢BO

m-oRe (0228 i 91ZN)? UfinsUMs M2y ;
32.2 TV KM cm? iIKM
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where in analogy to we deflne

;o for 1 6 J;

8
%Bo(m'gimug) i Bo(m-o;m.;)
¢By | mZ, i mZ,

em2 @Bo(m-o; May)

- @mv.zzg ’

(5.17)
forl =J:

and the CP-averaged sneutrino masses, m.i, are deflned below eq. (¢.18). As expected,
this contribution is flnite and is explicitly lepton number violating, as it is proportional to
the matrix M3, . Eq. (5.18) is a generalization of eq. (7) of ref. [[[§] to the 3- avor seesaw
model.?°

The results given in section B.J can be used to estimate the bounds on the heavy
sneutrino soft parameters m?2 ;sz; X imposed by the current experimental measurements
of neutrino masses and mixing. These bounds allow for a signiflcant one-loop correction to
the light neutrino mass matrix, -M.!?, which could even compete with the corresponding
tree-level masses. Further details will be given in sections .3 and p.4.

5.2 Radiative generation of neutrino masses and mixing

It is very tempting to explain the characteristics of the neutrino mass spectrum as a conse-
quence of radiative corrections. The most economical possibility is one in which the pattern
of neutrino masses is entirely radiatively generated by the loop corrections. However, in
the supersymmetric seesaw model this is not possible. If one sets m~., = 0 (for all I) in
eq. (6.16), then mp = 0 (or equivalently, Y- = 0), in which case only the light sneutrino-
neutrino-gaugino interaction of eq. (B.5) survives. However, this interaction generates a
one-loop neutrino mass that is proportional to MEV [cf. eq. (6.16)], which vanishes in the
limit of mp = 0.

Here, we shall be less ambitious and investigate whether the hierarchy and/or the avor
mixing of neutrinos can be generated entirely by loop efiects. As we shown below, such a
scenario seems to be possible. However, in order to obtain the correct values of the light
neutrino mixing matrix elements, a flne-tuning of sneutrino parameters may be required.

To be more speciflc, consider the following scenario. At tree level we assume the
Yukawa coupling matrix Y~ to be real, non-negative and avor diagonal, i.e. Y.)J =Y.!-1J
(with Y.! , 0). Consequently, the tree level neutrino mass matrix [eq. (B-8)] is also real,
non-negative and diagonal so that U = i . Then, the one-loop correction to the
neutrino mass matrix [eq. (B.18)] is proportional to:

X ¢By |

fi - 2i\2
TN cm?2

m-o(01ZY i 922§ (5.18)

i=1 ilJ

L
32.2

If one_assumes tt&at the avor splitting of the light sneutrino masses is small, then the

i . . . .
ratio ¢Bo=Cm? i15 is approximately constant with the respect to the indices I;J, so

20\We correct here a typographical in eq. (7) of ref. [L§] where (92ZZ i g1Z¥)? is incorrectly written as
1i;2

j92Z3 i 91ZN 2
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that fi,; ... fi is roughly constant. Therefore, the one-loop corrected neutrino mass matrix

leg. (B-11)] can be written as
. . i ¢
miLiloom = oM ilmp + Re 'fiM3, (5.19)

Since we have assumed above that Y- is diagonal, it follows that mp - sz,’:pi is also
diagonal, in which case there is no need to distinguish between mp and its transpose. For
simplicity, we shall further assume that m%, ¢ M?2. Then, using eq. (B.40) for M?,, in
which only the leading O(vM i1) terms are kept [under the assumption that m2B » O(VM)
as suggested by eq. (R.14)], we may express eq. (5.19) in the following form:

mEio®) = G § Re(fiX-)]moM i'mp [ i Re(fixT)]

i 2mD$Re(fisz)$mD + Re(fiX»)mpM i'mp Re(fiX ) : (5.20)

To achieve the correct hierarchy of neutrino masses and mixings, one possible strategy
is to demand that the sum of the last two terms on the right hand side of eq. is
negligible, in which case the flrst term yields the correct physical neutrino masses and the
mixing matrix. Then, using eq. (£.5), we perform a Takagi-diagonalization to identify the
physical (loop-corrected) neutrino masses and mixing matrix elements:

il i Re(fiX-)|mpMilmp[ § Re(fixT)] = (UBWSy mRhys (UMY . (5.21)

where mP™S is the (non-negative) diagonal physical neutrino mass matrix. One can solve
eq. (b.21) analytically for Re(fiX-), which yields:

Re(fiX-) = i(USYSy (mRYS)12RM 2 m it ; (5.22)

where R is a complex orthogonal matrix, subject to the restriction that the right hand
side of eq. (5.29) is real. Thus, starting from any hierarchy of the tree-level diagonal,
non-vanishing Yukawa couplings Y-!, the special choice of X~ given in eq. (5-22) allows us
to reproduce the correct neutrino mass hierarchy and the mixing matrix.

Clearly, the scenario just presented is not very realistic from the phenomenological
point of view. To achieve the desired result, a specific form of the X- parameter, very close
to perturbativity limit of Y- and the charged slepton masses is required, as well as a rather
precise cancellation between the last two terms of eq. (6.20). Nevertheless, our example
above provides an analytical existence proof for a radiative mixing scenario. In general,
for given Y- and M, many choices of sneutrino parameters leading to the correct pattern
of neutrino masses and mixing at the one-loop level exist, but they need to be determined
numerically. Presumably, all successful scenarios require a certain degree of flne-tuning,
but perhaps some solutions would be deemed acceptable.

5.3 Universal parameters at the scale M

The magnitudes of the parameters A-, sz and mz,\I that govern the behavior of the
heavy sneutrino sector are connected with the mechanism of supersymmetry breaking [cf.
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eq. (.8)]. These parameters decouple at the scale M Mz where the sneutrino superfleld
\Y decouples. If the scale M is close to the GUT scale then soft SUSY breaking parameters
are restricted by GUT symmetry considerations. Further assumptions on the minimality
of the Kahler potential in supergravity simplify our input parameters considerably, at the
scale M >» Mgy,

A = A)Y» ; m3 = meM ; mi = xM?; (5.23)

where Ag is a complex number, mg and x are real numbers, M is a diagonal 3£3 Majorana
neutrino matrix [cf. eq. (2.5)] and Y~ is the neutrino Yukawa coupling [cf. eq. (R.1)].

Under the universality assumptions of eq. (6.23), the matrices M?- and M7, assume
the following simple forms at the GUT scale:

1 X
MZc = mi + ZMZcos2fl + ——nigmj ; (5.24)
2 1+x
2 M-~ Mo l
M3, = - Ao+ 7 cotfl j ; (5.25)

T 14X 1+ X

where the light tree-level neutrino mass matrix M-. is given in eq. (B.§). As parameters
\run" from the GUT scale to low energies, m2,_ receives renormalization from other Yukawa
and gauge interactions. In contrast, all the parameters associated with the superfleld \
are hardly afiected since M » Mgyt. Moreover, the neutrino mass matrix M-». and the
superpotential parameter ,, are both multiplicatively renormalized. Hence, just above the
scale of low-energy supersymmetry breaking, the low-energy value of M2, is still given by
eq. (b.259), with the parameters on the right-hand side deflned at the low scale. At the
low-energy supersymmetry-breaking scale the DR running neutrino mass matrix M-. (,,r)
[or its diagonal form m..i(,,r)] receives flnite threshold corrections from the neutralino-
sneutrino loop in flgure f(a). The one-loop correction to the neutrino mass matrix given
in eq. (B.1I§) is proportional to the diagonal tree-level neutrino mass matrix.?? Hence, the
one-loop corrected neutrino masses assume the very simple and suggestive form

= m-a 1+ 2Re

(Liloop) - o mo T
m, Ag + ;7 cotfl : 5.26
! 1+x) ' ° V14 x (5.26)

where fi is deflned in eq. (p.18) and all parameters are now deflned at the scale ,,r = Mz.
We next examine the light sneutrino mass difierence. Since the results of table § imply
that M? is very close to diagonal form, it follows that Qo ~ 1 (cf. discussion above

eq. (B:49)]. Combining the results of egs. (B:49), (B.59) and (B.66), we derive
il

il
¢me, 2 M-, m
— = (M- )1, Ao+ 7 cotfl j —— I ;
m-. m=, m-, " 1+Xx 1+x

(5.27)

2 Indeed, assuming universal parameters at the GUT scale, and noting that x . O(102) [cf. eq. ], it
follows that M2c = m?. at the GUT scale, where m? is one of the approximately degenerate eigenvalues
of MZ<. The positive square roots of the eigenvalues of M, evaluated at the low-energy scale, are identifled
as the three CP-averaged light sneutrino masses. Although m? is no longer proportional to the identity
matrix at low-energies, this latter efiect is formally of higher order in the loop expansion of -M.!? [cf.
eq. ()]. Consequently, we can neglect the avor splitting of the CP-averaged light sneutrino masses in
the evaluation of the ratio (€Bo=¢m?)ikm, in which case this ratio is roughly constant with respect to
the indices K and M as discussed below eq. (.
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Input Parameters
Neutrino Sector SUSY Sector
mP"Ys oo Ao 0
mf?gys cm2 Mo 0
mPfys em,, . 350
1 0.2+0.1 i tan fl 10
’ 0.3 Mg 95
3 0.1 + 0.5i My 189
M, 1014 X 0.0
My 2 £10% me 197
M3 5£ 10 mgr 135

Table 4: If not otherwise indicated, the input parameters that govern the neutrino and SUSY

sectors listed above have been employed in our numerical analysis. We take ¢m2, = (8:0}“82‘3‘) £

1015 eV? and ¢m2,,, = (2:45 § 0:55) £ 1073 eV? from ref. [[1]. The values for 1.,.3 above are
representative choices (as these angles are not flxed by the light neutrino data). All mass parameters
in the above table are in GeV units.

which is identical to the one avor case found in eq. (8.69) and in ref. if the neutrino
mass matrix M-, is diagonal. In the more general case of non-diagonal M-~., the diagonal
elements of the neutrino mass matrix do not coincide with the neutrino masses m-_, .
Consequently, the quantity (¢m=.=m-~.), exhibits non-trivial dependence on the avor
index 1.

To produce quantitative results, we need to initialize the neutrino Yukawa couplings in
such a way that we always reproduce the \observed" MNS mixing matrix. Using egs. (B.8)

and (B.10), it follows that
mp = iUgng (MEYS)12RT M2 (5.28)

where R is an arbitrary complex orthogonal matrix [47], with three (complex) angles, 1.2:3.
(As the sign of R is undetermined, one may choose det R = 1 without loss of generality.) In
the plots that follow, we assume a hierarchical spectrum for the neutrinos, and all relevant
input parameters are displayed in table f}. The value for m__ adopted in table [ is consistent
with a supersymmetric interpretation of the observed experimental excess for -a__.

In flgure B we plot the ratios (Em-=.=m~.), [upper panels] and (m$#'°°P=m...), [lower
panels] as functions of the SUSY-breaking parameters mg [left panels] and Ag [right panels].
When varying mg we set Ap = 0 and when varying Ay we set mp = 0. Otherwise, our input
parameters are as specifled in table ] In obtaining these results, we have incorporated the
full one-loop contribution to the neutrino masses. In the two lower panel plots, the ratios
(m$ti1°°P)=m.. ), are nearly independent of the avor I, and thus only one curve is shown.
Our numerical results conflrm our analytical approximate formulae of egs. (6.26) and (6.27)
and demonstrate that one must have my . 10° GeV (jAoj - 10° GeV) to guarantee that
the radiative corrections to neutrino masses are less than 80% of the tree level neutrino
mass. In this case, the sneutrino mass difierence is at most ¢m=. 55 300 EMam ~ 15eV.
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Figure 3: Predictions for the ratios (¢m=.=m-.), and (m #'°°®=m.), for the three neutrino
states (I = 1;2;3) as functions of the soft SUSY-breaking parameters mg and Ag. When varying
mo [left panels] we set Ao = 0 and when varying Ag [right panels] we set mg = 0.
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Figure 4: (a) In the left panel, the contribution to the muon anomalous magnetic moment from the
diagrams in flgure ﬂ as a function of m_ = mg is exhibited. (b) In the right panel, the prediction
for BR(“? ¥ ‘! ) is shown as a function of the parameter x = m%,=M2. The upper [lower] curves

correspond to ; 1 [¢ ¥ e ], and the middle curveto,, ¥ e .

For completeness, we plot in flgure g the results for g j 2 anomaly and the branching
ratios for the decays 7 ¥ “! in the case of universal parameters at the SUGRA scale.

{354



The results shown in flgure g conflrm our choices of a lower bound for m_ [cf. table
obtained in section .1 and an upper bound for x [cf. eq. (¢.1§)] obtained in section .3.

5.4 General case

So far we have dealt with universal boundary conditions for the supersymmetric parameters.
One can set general bounds for the lepton number violating matrix elements of M2,
from eq. (6.16) and the \naturalness™ assumption of -m». . m~.. In the general case,
appropriate bounds can be derived only numerically and depend on the particular form of
the MNS matrix. Analytical estimates can be obtained using the following approach. Let
us require that the one-loop corrections to the neutrino mass matrix do not signiflcantly
afiect the physical neutrino masses and their mixing. Combining egs. (B-10) and (5.19),
one gets for any I;J:

UliNs (M=) pn UNiRs - (5.29)

;mo , i, ¢ eBy ﬂ
3.2 Re (gzz 912 ) UMNSUMNS lVILV MN  ‘¢m?2 MN

The structure of the Upns factors on both sides of eq. is identical, so roughly [barring
possible cancellations between terms and the efiects of truncating a potential imaginary
part?? of UMNs (M=), UMRis], the condition above can be rewritten as:

. L i1 ¢ .
J(M-)pnd =] mMpM mD MmN J 0
m-o o ¢ ~ ¢B
> Re (gzz i 1Z3)° MY, ﬂ
32.2 A MN  ¢m?2 iMN
N {IVIN MEV MmN (5.30)

with fiyn deflned in eq. (B.19).

Further estimates depend on the particular choice of the mp (or Y») and M and on
the neutralino sector parameters. For example, using the parameters specifled in table [,
one has fipmy ... fi » 4 £10i6 GeVil, so that

P ¢
i'M2y 0= 25 £10° GeV (M- i : (5.31)

Eqg. (b.31) implies that in the general case one should expect the entries of the matrix
MEV to be no more than 5 or 6 orders of magnitude larger then the typical scales in the
efiective neutrino mass matrix; i.e. of the order of a few MeV2. Bounds on M2, can be
also translated into bounds on X~ and m3. From eq. one can see that, barring flne
tuning, we have approximate relations M2, » M~».X» or M3, » M-.m3=M. Thus the
rough estimates we made above suggest that both X- and m4=M should be smaller than
approximately 100 TeV.

22|f the Higgsino mixing parameter ,, and the lepton trilinear coupling A- are real (the case of complex
,» and A- has been extensively discussed in the literature, see e.g. [E]) then there is no bound on the
imaginary parts of the matrices MZc and M3, .
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Stronger bounds on the matrix elements of M2, can be obtained numerically after
assuming some particular form of the MNS matrix. As an example, under the assumption
of tri-bimaximal mixing of ref. [63] and the parameters given in table fi,

(@) 1
2 £10i9 S
M2, - B 1 2£10i i X Gev? | (5.32)
- 10i 5

where the dots indicate elements with similar bounds as the diagonal ones. The signiflcant
suppression of the lepton number violating matrix elements of M2, relative to the lepton
number conserving matrix elements M2, >» O(v?2) is particularly noteworthy.

6. Sneutrino Oscillations

The theory behind sneutrino oscillations follows closely the very well known theory of
oscillations in the neutral Kaon-meson system. The light sneutrino state [cf. eq. (b.3)],
B 7B j mMoM(M2+mZ)ile] is to leading order in vM il the supersymmetric partner
of left-handed neutrino |, and therefore couples to the W& and Z gauge bosons. For the
present discussion, it su—ces to approximate: &! = &', which we shall denote simply by &
in this section. The & can be produced, for example, in e*ei annihilation via s-channel
Z exchange:

et +el 1B+ (6.1)

When lepton number is conserved, the 2, (%) possess a deflnite lepton number equal to
i 1 (+1) and they are produced in deflnite avor eigenstates | = 1;2; 3.

It is convenient to introduce a two-dimensional complex vector space spanned by a
basis of vectors consisting of the sneutrinos states of a given avor I, j%i and j%i. Two
important operators that act on this state are:

- 1 - ]
0 1

il
C - IO 2 : and CP - Lo (6.2)

where [ is the lepton number operator and CP is the CP-operator in the fj% i;j%ig basis.
That is, j%i and j4]i are eigenstates of C:

Cizi=ijmi ;o CEi=+70; (6.3)

and the charge-conjugate parity operator CP transforms particle states into antiparticle
states:

CPii=j%i ; CP¥i=jyi: (6.4)

The eigenstates of CP are given by

S T
R Y TR DR =Sl IR e D (6.5
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with deflnite eigenvalues
crigMi=+j™i ;. crjeVi= jjelVi; (6.6)

The CP-even sneutrino state of avor I, jé,(+)i, and the CP-odd sneutrino state of avor
I jé,(i)i, are states of indeflnite lepton number. Of course, these states are the real and
imaginary parts of the sneutrino fleld of deflnite lepton number,

2 = %(é,(ﬂ +igliy: (6.7)

Inevitably, in a supersymmetric model with a mechanism that yields neutrino avor
oscillations, the sneutrino avor states should oscillate as well. The sneutrino mass eigen-
states, Si;(k = 1;2:::6) are linear combinations of the CP eigenstates j’~’,(§)i, and for a
three avor system (I = 1;2;3) they are related by:

gMi=zisi ;o @i =z s, (6.8)

where the real orthogonal 6 £ 6 matrix with ZJ has been introduced in eq. (B.75). The
jSki are states of deflnite CP unless the following CP-violating conditions hold:

20 g . 2z g0, 1;3=123: (6.9)

In the presence of complex parameters in the Lagrangian (whose phases cannot be absorbed
by fleld redeflnition), one expects the conditions specifled in eq. (B.9) to be satisfled (even
in the case of a one-generation model).

Let us initially focus our analysis on the CP-conserving one-generation model. Consider
the time evolution of the sneutrino states. The time dependence of a sneutrino in the state
j&&i is governed by a deflnite frequency 's = Eg=~ where Eg = (p?c? + mc*)2. where
m. and m; are the masses of j&(™)i and ja(i)i respectively. If these masses are large
compared to momentum p then the corresponding energies are Es ~ msc? (in which case,
Is ” mg in units where ~ = ¢ = 1). In addition to the time-dependent phase, we must
also account for the fact that the sneutrinos decay exponentially (e.g. into a chargino and
a lepton) with a lifetime of g (for BS respectively). We exhibit this time dependence
explicitly by writing

“+(t)=e"!+t'2¢+jé(+)i ; ‘si(t):e||!|tl2¢ijé(l)i; (6.10)

where the B(8 are time-independent state vectors, That is, starting at t = 0, the proba-
bility for finding particle in the sneutrino state 8(*) is given by jhg(™j<<(t)ijZ = eité+ | as
expected.

The well known striking efiects of the K-system (e.g., K{K mixing and regeneration)
can also occur in the sneutrino system. For example, we demonstrate how sneutrinos
states j2i can turn to states j271. If we start ofi with a sneutrino state that is ““(0) = j2i =
%(jé(”i + ija(1)j) at t = 0, then it follows that at time t,

J“(t)i — % e|I!+t| 26+jé(+)i+iell!ltl Zéijé(l)i : (611)
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Then, the probability amplitude that the sneutrino j2i is in state j271 is

o o iliL...L- ’
eiter +eit™r 1 2e'2 e cos[(14 § V)t @ (6.12)

N

Py r(t) = G (O)if? =

The quantum interference efiects can only be seen if t = ¢+ ” ¢; and (m+ § m;) t -
(¢m)t =0(1). That is,

M . o) (6.13)

iz
where j= is an average decay rate for the sneutrino, and ¢m is the mass difierence of the
CP-even and CP-odd sneutrino states. Eq. (6.12) describes the oscillations of sneutrinos
into antisneutrinos, or equivalently the oscillation between states of deflnite CP quantum
number. We shall call this phenomena CP-driven oscillations.

Similarly, one may compute the probability that the initial state j*i is in the state j=i
at time t. We find

17 o F L ’
Pax 2(t) = jh2j«“(0)ij? = 2 eitr 4 eiti +2e"'2 «r i cos[(14 j V)M : (6.14)

One can also easily verity that Pz—y»~= Pz y = and Pz—y= = Pz s 2~ However, the proba-
bility P= = is proportional to the number of negatively charged leptons (N;:) due to the
decay * ¥ |1+~ * while P= s »—is proportional to the number of positively charged leptons
(N,+) due to the decay ¥~ ¥ |I* + ~ i Then the asymmetry,

_N|i iN|+_

A=
'T N NS

(6.15)

is proportional to the quantum interference term cos(¢mt) in egs. (6.12) and (§.14). That
is, the lepton charge asymmetry A, oscillates in time and provides a possible method for
experimentally determining the value of ¢m.

The signal for sneutrino-antisneutrino oscillations can be interpreted as the observation
of a sneutrino that decays into a flnal state with a \wrong-sign" charged lepton. The
phenomenological implications of such wrong-sign charged lepton flnal states at future
colliders have been explored recently in ref. [64].

We now turn to the three-generation model (allowing for the possibility of CP-
violation) and consider the additional possibility of avor metamorphosis. We pose the
following question: Given the state j% /i at time t = 0, what is the probability that the
sneutrino at time t is in the state J{]/| or j*3i? Following the arguments given above
eq. (6.11), we find that a sneutrino wave function involves with time according to

i = % @M+ iz i itizg s, s (6.16)
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Hence, the probabilities to be in the state J{]/| or j%;i at time t are given by:

1 X ith#+$i
P'.LI !zJ/(t) = Pay2 (t) = Z e 2k 2¢s COS [(!k i !s)t] £ (617)
k;s=1
Z:ij’.!_kZ:sz’.!_s + Z,E‘]+3)kz1£|+3)kZ,EJ+3)SZ,EI+3)S ; ZngZikZ£J+3)SZ£I+3)S
4 23Kz 1+ 5355 (143)s | Z,EJ+3)kzlkz,§J+3)szis+zzgkz,§|+3)kZ£J+3)sZL!S' .

1 X -thi+ii
Pepue, () =P =5 o' 2ac®s cos[(i i 1ot £ (6.18)
k;s=1

iZ:ijingsZis +Z£J+3)kz1£|+3)kZ,EJ+3)SZ,EI+3)S + ZZ;,]kZikZ,EJ+3)SZ,EI+3)S

+ ZIKZ (KI5 7 (1495 | 7 O+ 7 k7 O +Is 715 - 27 3K7 1+ T +3)s 15 .

Note that the probabilities in egs. (6.17) and (6.18) are unchanged under the interchange
of avor indices | and J, respectively. The three-generation model possesses both avor
and CP-driven oscillations.

In the supersymmetric seesaw model, neutrino mixing and masses are governed by a
variety of parameters that contribute to the tree-level and one-loop neutrino mass matrix
(cf. section B.7). Some of these parameters also are relevant for determining the struc-
ture of the real orthogonal sneutrino mixing matrix z3, which controls the properties of
the sneutrino mixing as shown above. Consequently, the bounds on the model parame-
ters discussed in sections [ and f can be used to signiflcantly constrain the general form
of egs. (6.17) and (6.19).

The mass splittings among sneutrinos of difierent avors is typically much larger than
the sneutrino-antisneutrino mass splitting between sneutrino states of a given avor. In
particular, due to the renormalization group evolution of parameters, ¢m?; is generally
larger than few GeV?, even in the case of universality assumptions at the high scale, whereas
sneutrino-antisneutrino mass splittings are typically of order the light neutrino masses. The
observability of oscillations depends on the ratio ¢m=j [cf. eq. (£.13)]. Because the total
decay width, i, is universal for a given sneutrino, whereas the scales of the corresponding
mass splittings are so difierent, it follows that ¢m=j » O(1) can be satisfled only for one
of the two oscillation phenomena. That is, at most one oscillation phenomenon, either

avor oscillations or CP-driven oscillations, can be observed.

Consider flrst the CP-driven oscillations. These oscillations can be observed if the
lifetime of the sneutrinos is su—ciently long (the appropriate numerical requirements are
given later in this section). In this case, avor-driven oscillations are much faster and
have a very short \baseline", so these oscillations are unobservable in collider experiments.
Therefore, one can take a time average over avor-changing terms in the sums in egs. (6.17)
and (6.18), setting them efiectively to zero, and retain only those terms where the mass
splitting is CP-driven and not avor-driven (i.e. keep only those terms with s = k or
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s = k + 3). Now, the sum over s can be performed, and egs. (6.17) and (5.1§) simplify to:

X -
Pu, g = et Iy kKl 4 gitmuc, fy iy okl
= J
K=1 B}
Kt gl I 1Ky IKy 1Ky IK®
i2 e K+ ZK; cos[Ckt] Re X!'KXIKy Ky JK= - (519)
K=1
X % :
- et Iyl 4 gitmuc, iy iy okl
K=1 )
Koty I 1Ky IKy 1Ky IK®
+2 e K+ %K cos[Cit] Re XK IKy Ky JK= - (520)
K=1

where ¢k - Tk i 'k+3 and we have used eq. to express the 6 £ 6 matrices Z= in
terms of the 3 £ 3 matrices X and Y.

Egs. (b.19) and (6.20) are easily interpreted. For \long baseline” oscillations, one
needs flrst to project avor | onto some K (via the X'K:Y 'K factors), then the CP-driven
oscillation takes place between the would-be sneutrino-antisneutrino states Sk and Sk +3,
and flnally the result is projected back onto avor J.

Further simpliflcation is possible if we exploit the bounds on the parameters due to the
“J ¥ ! decays obtained in section .3 to conclude that the matrix M3 is very close to
diagonal form. In this case, the matrix Qo that diagonalizes M2 [cf. eq. (B.47)] is close to
the identity matrix. Moreover, the matrix elements of R [cf. eq. (B.59)] are suppressed by
the ratio of ¢m==m=, and are therefore negligible. It then follows that X > Y ~ T= 2,
where T - diag(ei! 172; eil 272; il 3=2) and ~; ~ arg(M?,)ss [cf. eq. B50)]. If we
consider avor conserving (i.e. I = J) sneutrino-antisneutrino oscillations, then there is
one large contribution in eq. (6.19) in the sum over K for | = K, whereas the contributions
of I & K are strongly suppressed by the squares of mixing angles. Therefore, the dominant

contribution to the probability for sneutrino-antisneutrino oscillations is given by:

" - . #

it 1 1

- + 5
e 25 cos(€yt) cos(2Yy) ; (6.21)

which coincides exactly with the formula obtained previously for the one generation case
[cf. eq. (F:I2)] in the CP-conserving limit (where M2, is a real matrix so that cos2™j = 1).
Similarly, for P=, x=,, one reproduces eq. in the same limiting case.

To complete the analysis of the sneutrino oscillation formulae, we must compute the
total sneutrino decay width, jix - i(Sk ¥ anything) = 1=;s,.. Supposing that the neu-
tralino is the lightest supersymmetric particle (LSP), the sneutrino decay width is the sum
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of the partial widths of the following two kinematically available decay chains,?3

1
3=2
- . m mZi i . . k.o
i(Sk ¥ '+ ¥ =g 325k Li— jZY2 jziKR + jz 0K (6.22)
2.
- | |
2 =3=2
_ ol -0y _ G ms, Mo
iS 1"+ =3¢ 7 £
cyy 64.. mg,
Eizlisw i Z8ewi? M@ i iz8uIN 0 (6.23)

J=1
In deriving the formulae above, we have used the Feynman Rules egs. and
from [ and have taken the lepton masses to zero. Egs. and (p.23) agree with
ref. in the limit Uyns = Z= = 1. Writing Z= in terms of X and Y [cf. eq. (B-79)], it
easily follows that the decay rates of the sneutrinos Sk with k = 1;2;3 [k = 4;5; 6] depend
on X [Y ] alone. Since X and Y difier only by the \small"" R matrix [cf. eq. (8.60)], it follows
that ¢1, ” ¢1,, which can be used to further simplify the expression given by eq. (6.21).
The total sneutrino decay width is given by:

XX ol . -8 XX L o
ik = i(Sc 7 +7P)+ ik T +79) (6.24)
1=1i=1 1=1i=1
A 1 - 1 3
13- s Y32
2 Ms, 4X _m?, i, 1K MY Slie - S2i. 25 .
=% li— 15} "'? li— iZi'sw i ZR'ew e ;
" i=1 Sk W i=1 Sk

where the summation over the lepton indices can be performed in the limit of vanishing
lepton masses, with the use of the orthogonality [unitarity] relations for the matrices Z=
[Umns]-

How can one observe sneutrino CP-oscillations? Consider the following scenario: sup-
pose that the LHC flnds sneutrinos with masses that are accessible at a future Inter-
national Linear Collider (ILC). Then, at the ILC, the sneutrinos are produced through
the annihilation process of eq. (6.2), and subsequently decay into [leptons + charginos]
and [neutrinos + neutralinos] following the decay widths given by egs. (b.22) and (6.23),
respectively. Sneutrino CP-oscillations will then be observed only if the asymmetry A,
deflned in eq. (6.15), is appreciable, i.e., A; » O(1), which can be realized if both ¢my
is small (providing a long enough oscillation base) and the sneutrino decay rate is su—-
ciently slow such that ¢my=jx >» O(1). This scenario is impossible if the sneutrinos are
su—ciently heavy compared to the neutralinos and/or charginos, in which case (neglecting
the phase space suppression in eq. (6.24) and performing the summation over the chargino
and neutralino indilges) the sneutrino decay rate is approxir;;ately given by:

|
m

Sk Ms, 1
32..

32.. 2c2,

iZHsw i Ziewi® =03
i=1

jZYp? +
i=1

- 2
ik 92 >
2cyy

(6.25)

Bk 1+ ’?) indicates the sum of the sneutrino partial widths to the lepton-chargino and its
charge-conjugated flnal states.
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The expression above depends only on the sneutrino mass and cannot be suppressed by a
particular choice of mixing angles of the Z=; Z, or Zy matrices. Thus, using the results of
section [, one can check that the ratio ¢my=jy is always much too small for the sneutrino
oscillations to be observed. As an example, in the case of universal parameters discussed
in section B.3, for the lightest sneutrino and mog, jAj - 10° GeV we obtain

Ms  y7£10i6 (6.26)

is
which is very far from the value O(1) required for the observability of sneutrino oscillations.

In the case of 2-body decays, the decay width jx can be only suppressed by choosing
an appropriate hierarchy of particle masses. Most of the decay channels in egs. (6.29)
and (p.23) would have to be closed kinematically, with the open channels strongly sup-
pressed either by the very small phase space factors (which requires rather unnatural de-
generacy between sneutrino and neutralino or chargino masses), or by su—ciently small
mixing angles for the relevant channel. An alternative possibility is one where the sneu-
trinos are lighter then all charginos and neutralinos, so that all 2-body decay channels are
closed, but heavier than some charged slepton. In this case, 8 ¥ €W*=, and assuming
that the W is produced ofi-shell the end result is a 3-body decays that can produce an
observable charged lepton. Three-body phase space signiflcantly suppresses the sneutrino
decay rate (relative to the two-body decay rates discussed above), and can yield observable
sneutrino-antisneutrino oscillations, as shown in ref. |]E]. However in such a scenario, ei-
ther the charged slepton is the LSP, which is strongly disfavored by astrophysical data, or
the charged slepton decays to some new lighter supersymmetric particle, which requires ex-
tending the model beyond the seesaw-extended MSSM considered in this paper [B5]. As we
have shown, the oscillations in the three-generation case does not difier much from the one-
generation case, where the avor indices are summed over [cf. egs. (6.21)) and (5.24)]. Thus,
the results of ref. can also be used without signiflcant changes in the three-generation
case discussed in this paper.

Finally, we discuss the case of sneutrino avor oscillations. These oscillations are
described by egs. and (6.18) with indices | & J. For any choice of 1 & J, both
equations can be signiflcantly simplifled using the bounds on the structure of sneutrino
mixing matrices derived in sections ff and §. These bounds imply that the ofi-diagonal
elements of matrices Q and R [deflned in egs. and @B.56)] are small, which then
imply [via egs. (B.60) and (B.79)] that the ofi-diagonal elements of the matrices X, Y and
Z- are likewise small. Thus, to a good approximation one can keep in egs. (6.17) and (6.19)
only terms at most quadratic in the non-diagonal elements of Z=. For example, in the sum
of the flrst term of the product of four Z=’s in eq. (6.17), it is su—cient to keep only terms
with s;k =1;1 +3;J3;J + 3. Assuming that the lifetimes of all eigenstates are very similar
(i.e., ¢ 7 i), all the dominant terms can be summed to give a simple flnal expression valid
for1 &J,

%o
) i ¢
Peyys, it JQUQIPR+jQ QW +2Re 'QPQIF QM Q!N cosemyst
(6.27)

{434



where €myjy - Mz, j M=,

The analogous expression for the sneutrino-antisneutrino oscillation probability Pz, s =
is bilinear in the matrix elements of R [cf. eq. B56)]. The latter are at most of
0O(10°m-~=v) < 101 and thus lead to completely negligible sneutrino-antisneutrino transi-
tion rates.?*

The form of eq. (6.27) is explicitly invariant with respect to rephasing, Q'Y ¥ Q'Je' 5.
Thus, without loss of generality, we may replace Q by Qo [cf. eq. (B.49)] in eq. (6.29),
where the ofi-diagonal matrix elements of the unitary matrix Qq are given approximately
by eq. (B-48) and the diagonal elements of Qg are flxed by unitarity. As Qg is close to the
identity matrix, the following approximations are valid: Q37 ~ 1 and Q3 7 iQ}’ for
I & J. In this approximation, eq. (b.27) simplifles for | & J to:

£ s
Pz =, .. 201 jQj2 § Re(QYY)?cos emy st - (6.28)

If one uses the approximate expression given in eq. (B-48), QY ~ (MZc)"7=(mZ, i mZ),
then eq. (6.29) yields the oscillation probabilities directly in terms of the sneutrino squared-
mass matrix elements. As expected, the sneutrino avor-transition depends on the avor-
conserving matrix M?..

Deflning the oscillation length by L = ct we can write

cmyt = 5:06 £ ¢m;y (GeV)L(fm) : (6.29)

As in neutrino oscillations, it is useful to deflne ¢m,;; L = 2..L=Lg where Ly is the char-
acteristic length of the oscillation :

1

Lo = 124fmE-—— -
0 ¢my; (GeV)

(6.30)
If the sneutrino mass difierence is of O(1GeV), the characteristic oscillation length is of
order 1fm. Of course, the characteristic length of oscillation must be smaller than or at
most comparable to the decay length of the particle for oscillations to be observable. In
the case of the sneutrino, the decay length is [using eq. (6.25)]:

28 (fm)

Ly =¢ * ——~ 6.31
o m= (GeV) (6-31)
Hence, the condition L= 3 Lo requires that
¢cm 1
& —: 6.32

Such a mass splitting between the sneutrino states of difierent avors is sensible. Thus, the
likelihood of observing avor sneutrino oscillations at colliders depends primarily on the

24An accurate estimate of P, u zJ/shouId also take into account similarly small efiects produced by the
admixture of the heavy sneutrino states in the deflnition of the *y, which were neglected in derivation
of egs. () and . However, given the extremely small transition probabilities, we do not present
the full analysis here.
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degree of suppression caused by the mixing angles in the matrix Q. It is instructive to input
some representative numbers in eq. (6.27). Thus, for ¢m;; = 10 GeV;m= = 270 GeV,
tan fl = 10 and taking into account the bounds of table §, we obtain for 2 ¥ %, oscillations

at time t=¢ = jit [cf. eq. (B.29)]:
Pz gz, .. L25£101° [1 § cos(Cmyp()]; (6.33)

Thus, as a consequence of the bounds from neutrino masses and radiative avor changing
decays obtained in sections { and E, we conclude that in the see-saw extended MSSM,
sneutrino avor oscillations are di—cult to observe at colliders.

If the bounds of sections ] and B could be avoided, say with some cancellation mech-
anism (which in the absence of such a mechanism would appear unnatural), then it may
be possible to find regions of the supersymmetric parameter space where avor oscillations
are observable. Then, at the ILC, one can deflne a avor asymmetry for the number of
muons vs. electrons in the flnal state, analogous to eq. (6.15). A time-variation of this

avor asymmetry would indicate the presence of avor oscillations.

7. Conclusions

In this paper, we have studied sneutrino mixing phenomena in the seesaw-extended MSSM,
allowing for the full complexity of the three-generation model (which includes both avor-
changing and CP-violating efiects). We have focused primarily on the soft-SUSY-breaking
matrix parameters mz,\I ; sz and A~, which govern the structure of the sneutrino squared-
mass matrices. We have found a convenient parameterization of the sneutrino sector, where
all relevant physical observables depend analytically on a pair of 3 £ 3 mass matrices MEV
and M?. given in egs. (B:40) and (B:39), respectively. The elements of M2, violate lepton
number by two units, whereas elements of MEC are lepton-number conserving parameters.

Within this framework, we have analyzed the constraints arising from one-loop neutrino
masses and mixings, from radiative avor-changing charged lepton decays, and from the
electron electric dipole moment (EDM). We discovered new and potentially signiflcant
contributions to radiative lepton decays ‘7 ¥ “! + due to the dependence of m2N which
modifles the MSSM value of MEC. We also observed that although the (g j 2),, measurement
places non-trivial constraints on the SUSY -breaking parameters, the electron EDMs do not
yield any additional constraints (at one loop) on the seesaw-extended MSSM parameters.
All conclusions presented here are based on a complete numerical analysis of the processes
described above.?® In all cases, we have also provided useful analytic approximations,
which have served as a check of our numerical work.

Sneutrino mixing phenomena takes on two difierent forms. The mixing of sneutrinos
and antisneutrinos violates lepton humber by two units, whereas sneutrino avor mixing is
a lepton-number conserving process. Both forms of mixing are in present in principle in the
three-generation seesaw-extended MSSM. In this paper, we have generalized the sneutrino-
antisneutrino mixing formalism, originally presented in a one-generation model [fL§], to

25Fortran-77 and Maple-10 numerical codes are available from the authors.
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the three-generation model. This sneutrino-antisneutrino mixing then acts back on the
neutrino sector, and provides an important loop correction to the neutrino mass matrix. In
this paper, we examined the possibility that starting from a diagonal neutrino mass matrix
at tree-level, the nontrivial avor structure of the neutrino mass matrix is generated entirely
by the one-loop diagram that directly involves the sneutrino-antisneutrino transition. Our
analysis shows that this is indeed possible, although in practice certain flne-tunings among
SUSY breaking parameters in the leptonic sector seem to be unavoidable.

Returning to the sneutrino sector, we have derived analytical expressions for
both sneutrino- avor oscillations and sneutrino-antisneutrino oscillations in egs. (6.17)
and (6.18). We determined that if the constraints analyzed above are combined with the as-
sumption that sneutrinos can decay into two-body flnal states, then sneutrino-antisneutrino
oscillations are not observable at colliders. This is consistent with a similar result of the
one-generation model obtained in ref. [I§]. This conclusion is easily understood, by noting
that the sneutrino-antisneutrino mass difierence, € me, is proportional to the neutrino mass
and is at most of the order of 1 keV. This is much smaller than the corresponding width
of the sneutrino, j=, of order 1 GeV or larger. The observability of sneutrino-antisneutrino
oscillations at colliders requires that €m= >» j=. A sneutrino width of order 1 keV or less is
possible only if there are no kinematically allowed two-body flnal states in sneutrino decay.
In the seesaw-extended MSSM, this scenario is possible only if a charged slepton is the light-
est supersymmetric particle, a possibility strongly disfavored by astrophysical data. Other
possibilities exist if one introduces new degrees of freedom beyond the seesaw-extended
MSSM, but this lies beyond the scope of this paper.

Sneutrino avor oscillations are more likely to be observable at colliders, since the
mass splitting between sneutrinos of difierence avors can be of order 1GeV or larger.
We have derived simple approximate formulae for such oscillations and have estimated
their magnitudes. Unfortunately, in the seesaw-extended MSSM, after imposing bounds
on bounding sneutrino mixing angles determined from the analysis of radiative charged
lepton decays, the resulting probabilities for sneutrino avor oscillations are likely to be
too small to be observed directly at colliders.

At present, within the seesaw framework for neutrino masses, few handles exist for
probing the physics at the seesaw scale. At most, one can hope to measure the MNS mixing
angles, and determine neutrino mass difierences (and with a little luck, the absolute scale of
neutrino masses). In the seesaw-extended MSSM, some of the physics of the seesaw scale is
imprinted on parameters that govern the properties of the light sneutrinos. With a precision
program at future colliders for measuring sneutrino observables, there are new opportunities
to explore the fundamental physics that is responsible for the origin of neutrino masses.
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A. Notation for fermion flelds

Fermion flelds in quantum fleld theory can be described by employing either two-component
or four-component fermion notation [56]. In models where lepton number is not conserved,
two-component fermion notation is generally simpler and more e—cient. In this appendix,
we brie y discuss the relation between the two treatments.

In table fl, the fermionic flelds associated with the lepton and Higgs sectors of the
seesaw-extended MSSM are listed. These fermion flelds can be viewed either as two-
component fermion flelds or the left-handed projections of four-component fermion flelds,
with ““| - (1§ ) and

ccC CHT, cc — i“TCil; (Al)

where “* - “©Y O0and C = jCT is the charge conjugation matrix.
For example, in four-component notation, given a four-component (anticommuting)
Dirac spinor ’p, we deflne the following four-component spinors:

11L - PL”D; 11E N PL”ICD; ”R N PR”D; and 11& - PRHI(::); (A.2)

where P_.r - %(1 o ), respectively. The corresponding two-component (anticommuting)
flelds are given by the non-zero components of ” - P_.”p and ”f - P_”g. Consequently,
we shall use the same symbols 7 and { for the corresponding two-component neutrino
flelds. However, one must be careful to note that in our notation

"t=C"r'; Tg=i"[Ci (A3)

since, e.g., ’ - PLC”L = C(Pr”p)". The same notation also applies to charged fermion
flelds. Our conventions for left and right-handed charged conjugated flelds follow those
of ref. [67]. Note that eq. (A.3) implies that anticommuting fermion flelds satisfy:

?11E — ”E”L ; Tn& — ’T”R : (A.4)
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In the text, the efiective Lagrangians for fermion mass and interaction terms are
given in terms of two-component fermion flelds. These terms can be easily translated
into the four-component spinor notation . As a flrst example, the dimension-flve oper-
ator that governs the standard seesaw mechanism [eq. (L.T)] contains a product of two-
component fermion flelds, L/ LK. In terms of four-component spinors, this product is given
by i(LNICILK = (ROILK, where L - (K, &) is now interpreted as a doublet of
four-component fermion flelds as described above and (R9)! - ("¢'; “g).

As a second example, we derive the four component version of eq. (B.1)) in the one-
generation model. One can redeflne the phases of the neutrino flelds such that mp and
M are real and non-negative. The two-component spinor product ””F + H:c: translates
to the product of four-component spinors: j ”[C il”ﬁ + H:c: = "R”L + "R, Which is the
usual Dirac mass term. Similarly, the two-component spinor product ”{ "¢ translates to the
four-component spinor product §”¢TCil”¢f = *g”¢. Hence, if the Majorana mass term
M & 0 in eq. (B.1), one cannot identify the physical mass eigenstates as Dirac fermions.
For example, the mass terms of the one-generation neutrino Lagrangian, which in terms of
two-component fermion flelds is given by j Lmass = mMp”L”f + %M"E”IC_ + H:c:, translates
in four-component notation to

1 e 1
i Lmass — §mD(;-;EnR _"_\;-;EHL + 11El11CB\+ 11%11;::) + EM ;-;EHE’\_'_ ”E”R) - .
. 1 :t”C o 0 mD - nL - 1 :I:”_ - O mD - ”% -
—2 RR mp M e 2 bt mp M ”
b X Ly~ 4 D R
:I: - - 7 -
1 - 0 m
=j- "7t cit o -+ Hc; A5
1 2 L L mD M "E ’ ( )

where we have used eq. (A.4) to write the flrst line of eq. (A.§) in a symmetrical fashion
and eg. (A.9) to obtain the final form above.

The Takagi-diagonalization of the neutrino mass matrix yields two (self-conjugate) Ma-
jorana fermion mass-eigenstates. This is accomplished by introducing a unitary matrix U,

- 1 - 1
”L _ PL"‘ )
»C - U P 1C ’ (A'6)
L L h

such that - 1 -~ 1
0 mp m-. 0
ut U= : A7
mp M 0 m-, (A-D

where m-. > m4=M and m~, = M +m3=M. The resulting neutrino mass Lagrangian is:
1£ - ) b
i Lmass = i 5 m-"TCHP " +m» "CTCiP "E +Hc: (A.8)
We can deflne four-component self-conjugate Majorana flelds by:

“m - PL"-+PrC™T; “m - PR TTCHP; (A.9)
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Thus, eg. (A.8) reduces to the expected form:

1 E = -~ e cc /
il—mass=§ m: v mtFmM, "M m (A.11)

B. A non-decoupling contribution to sneutrino masses when
m2, » O(M?)

B.1 Non-decoupling efiects when m%,  v?

In section B.2, we noted below eq. (B-4Q) non-decoupling in the limit of kMk ¥ 1 with
km2,M 12k flxed. The lepton-number conserving 3 £ 3 squared-mass matrix of the light
sneutrinos [eq. (B:39)] can be written as:

1 i i i )
MZc =m? + §M§ cos 2fl + oM itmZ M itmL + O(v*M i2) + O(v’m{M i%); (B.1)

after expanding the quantity ( + M i2mZ,)i! under the assumption that kM i2m2 k < 1.
Thus, we have a non-decoupling correction to the usual MSSM result of O(m2,M i2) as
previously noted.

To understand the origin of this non-decoupling phenomenon, we use eq. (6.4) which
relates the original right-handed sneutrino with the light and heavy sneutrino states after
block diagonalization of the sneutrino mass matrix. To formally integrate out the heavy
sector and obtain the efiective theory of the light sneutrinos, we must write:

' =2 i fknl(M2 + m) MY B HE (B.2)

before electroweak symmetry breaking, where we have used I8! - £~ Note that when H?
is repllgced by its vacuum expectation value v,=" 2, we recover eq. (b.4) after using mp -
VoY== 2. In addition, we have used B ~ 2} +O(vM i) and have worked consistently to
leading order in vM i,

Consider the contribution of jdw=dN’j? to the scalar potential, where W is given by

eq. (B-2). Then, W

dNJ
After squaring, and including the soft-SUSY-breaking term I“mz, 18 (where m2 is hermi-
tian), we find:

:M‘]KNK+TinnKJHi2LJK: (BB)

1l 1
dw © dw
'Q/millq + dN‘] dN‘] = T'J TknY"KJY"IyHizH&/EJK Erl(
h i
+ 1 (Y-MYKTRYHZEE + Hie: + (M2 +m}) IR 1 (B.4)

To obtain the relevant operator that survives in the low-energy efiective theory, we insert
eq. (B:2) for Q! in eq. (B4), and then take the limit as kMk ¥ 1, In addition, we set
2, = 0. The end result is:

£
Ty VYT § ¥EMMZ + mi) MY K e BRHE T (B.5)
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Note that this is a dimension-4 (hard) SUSY-violating operator [Bg] which vanishes if
m2, = 0 [as m2, is the only SUSY-breaking source in eq. (BH)]. If m2 < M2, one can
expand (M2 +mZ)i! in eq. (B-F), which yields:

tntij Yy M MM iLY.T + O(miM iR B BN HEHE (B.6)

We now replace H ¥ vzzpi. If mZ, » O(v?), then the hard SUSY-breaking operator is of

O(v®*M i2), which is the expected result. Such corrections are extremely small, assuming
that v ¢ kMK, and can be be dropped from the low-energy efiective fleld theory of the
light O(v) degrees of freedom. On the other hand, if x - km,z\l k=kM 2K is held flxed to a
flnite positive value as M ¥ 1, then the hard SUSY-breaking operator is of O(x), which
must be kept in the low-energy efiective theory if X is not too small.

In the latter case, we see the presence of a non-decoupling efiect in the low-energy
efiective fleld theory of the O(v) degrees of freedom as M ¥ 1. We identify this as
a hard SUSY-breaking efiect described by the dimension-4 operator given by eq. (B.§).
Ultimately, this non-decoupling efiect can be traced to the fact that although . [*F] and
2 [25] are superpartners, it is not quite true that "« [’n] and % [*,] are superpartners.

Explicitly [cf. egs. (6.3) and (6.4)], whereas
"R+ MEmET (8.7)
to leading order in vM i1, we have:
407+ (M2 +my) HMmb Y (B.8)

Clearly, with mz,\I & 0, there is a slight discrepancy between *, and the superpartner of .
If we replace H2 with its vacuum expectation value vo=" 2 in eq. (B.5) and again make
use of Bf ~ 2J + O(vM i1), we obtain a contribution to M?Z-: Then eq. (B:5) becomes:

(MM § MM (M + m3) FiMmE PR K 9

which correctly reproduces the last two terms of M?2. given in eq. (8:39). Of course, the
non-seesaw MSSM result of MEC derives from the soft-SUSY-breaking term, Ei/mZ,_Ei, and
the D-term contribution, %M% cos 2fl. As expected, inthe M ¥ 7 limit (with x ¥ 0), the
low-energy efiective theory reproduces the non-seesaw MSSM result. In this appendix, we
have explained the origin of the non-decoupling correction to the non-seesaw MSSM result
inthe M T 7 limit with x held flxed to a flnite positive value.

Finally, we address the question of the allowed size of the matrix parameter m%,. Does
it make sense to have x close to O(1)? In [B9], it is shown that for values of x » 1,
there is a very large negative shift in the mass of the lightest CP-even Higgs boson due
to radiative corrections from the heavy neutrino/sneutrino sector of the seesaw-extended
MSSM. If we demand that there should be no unusually large radiative correction to a
physical observable generated as a result of my & 0, we can apply the results of [Bg] for
the radiatively-corrected physical Higgs masses to conclude that x 55 0:1. Note that this
upper bound is less severe than the bound of x < 0:01 given in eq. (B.1§). The latter was
obtained in section .3 from the bounds on rare charged lepton radiative decay rates, which
imply that the matrix MEC should be close in form to a diagonal matrix.
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